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ABSTRACT 


This study is an attempt to define more closely the 
average annual patterns of evaporation and evapotranspiration 
for surfaces in the Baker Creek Basin, Yellowknife, N.W.T.- 

a small subarctic research basin located in the discontin- 
uous permafrost zone and within the Canadian Shield. Speci- 
fic emphases in the study are the elucidation of patterns of 
evaporation and evapotranspiration for certain vegetation type 
found in the basin, and of lake evaporation patterns. 
Perspective on, and partial verification of, these patterns 
was obtained by an assessment of the average annual basin- 
scale water balance, 

The research comprises: a comprehensive literature 
review: net radiation, evaporimeter, soil moisture and 
active layer studies at muskeg, sedge meadow and Black 
Spruce woodland bog sites; lake surface temperature surveys 
for formulaic estimations of lake evaporation; analysis of 
published lake level and flow records for the Pocket 
sub-basin; analysis of published runoff data for Baker Creek; 
and a synthesis of the average annual basin water balance 
after three approaches — Thornthwaite water balance model, 
climatonomic analysis, and semi~empirical studies, With this 
synthesis, refined average annual water balance equations 
were suggested for various surfaces in the basin, 

It was coneluded that the process of evapotranspiration 
from vegetative surfaces did not function efficiently at 
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soil moisture considerations. Suggested reasons. for this effect 
were the non-vascular nature and mulching properties of the 
moss-covered sites or the inhibition of transpiration 

through the vascular flora,. The latter possibility was 

thought to be related to distinctive edaphic factors 

associated with the permafrost where it was present. After 
certain assumptions about evaporation from bedrock-—dominated 
surfaces were made it was estimated that evapotranspiration 
from land surfaces in the basin averaged seven inches. 

With further interpretation it was concluded that the 
magnitude of the lake evaporation parameter may have been 
underestimated in the past, possibly due to hitherto 
unappreciated local advection effects or by previously 
exaggerated heat storage lag effects and early season 
condensation gains. It was estimated that free water 
evaporation over the basin averaged eighteen inches which 
is two inches greater than the evaporating power of the 
effective annual net radiation and four inches greater than 

certain of the mean small lake evaporation estimates 
published in the literature, 

Basin precipitation estimates derived from Yellowknife 
Airport records were deduced to require only an upward 
adjustment of about ten per cent for them to be acceptable 
as being probably representative for the basin. 


The average annuel basin water balance (1968-1972) was 
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Precipitation = Runoff + Evapotranspiration 

(inches) ee: i A See 9.6 

The level of Potential Evapotranspiration was considered 
to be close to the sixteen inches generally quoted for the 
area, This is well above the annual precipitation and the 
runoff from the basin must be interpreted as being largely 
the product of exceptional precipitation events and 
particular surface storage relationships. This runoff would 
be greater if depression and lake storage was not such an 


important feature of the basin hydrology. 
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CHAPTER I 


INTRODUCTION 

in this study an attempt is made to define more closely 
the patterns of lake evaporation and evapotranspiration from 
land surfaces in the Baker Creek Basin, near Yellowknife, 
N.W.f. This is a small research basin located in the sub- 
arctic climatic zone, the discontinuous permafrost zone and 
the Canadian Shield physiographic province. 

The headwater areas of Baker Creek are lecated about 
fifteen miles north of Yellowknife, N.W.T., and the creek 
enters Yellowknife Bay on the North Arm of Great Slave Lake 
about two miles north of Yellowknife. The basin lies between 
62°28" and 62°43' North latitude and 114°17' to 114°31' West 
Longitude. Yellowknife is slightly more than 600 air miles 
(or 1000 highway miles) north of Edmonton, Alberta (Figure 
1-1) 

Baker Creek basin is one of a series of representative 
basins selected for special study under the International 
Hydrological Decade program (1965-1974) (File Reference: 
1LWB+RB-44; NORTH 9). The total basin area is approximately 
seventy square miles and the drainage area guaged is fifty- 
five square miles (Baker Creek Main Stem: Station Number 
O7SBO009). The basin research is Marit atened by Professor 
A.H. Laycock, Department of Geography, University of Alberta, 
who selected the basin for its good northern representative- 


ness, its relative accessibility by air and road, and the 
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FIGURE 1-1. 
LOCATION OF BAKER CREEK WITHIN THE MACKENZIE RIVER DRAINAGE BASIN 


Source: Landals,(1970,p.xvi) 
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FIGURE 1-2. BAKER CREEK BASIN AND LOCATIONS OF ASSOCIATED 
METEOROLOGICAL AND HYDROLOGICAL STATIONS. 


Source: Landals,(1970,p.xv) 
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FIGURE 1-3. MUSKEG CREEK AND POCKET LAKE SUB-BASINS 


SHOWING HYDROLOGICAL STATIONS, GROUND TEMPERATURE 
SITES AND RYAN LAKE ROAD. 


Source: Landals,(1970,p.xvi) 


“ETo Ryan Lake 


Muskeg Creek David § Hydrometric Station artificial control, recording AR 
Sub-Basin Lake f£:7 Hydrometric station artificial control, non-recording. AN 
Fi § G17 
*Hydrometric Station natural control recording NR 


Water level guage WG 


YT! Green Rock 

YT2 Muskeg 

YT3. White Rock 

yT4 Sedge Meadow 

YT5 Red Rock 

YT6 Black Spruce Woodland 
YT7 Till 


3 

3 

8 

3 

. 

’ 

9 

3 

: 
oe 4 

a # Pocket Lake 
? ° 
aa Sub-basin 


Ato Yellowknife 


es ae eee eee eee 
6) 1/2 i 


Ailes 


Me ee 
ha hes : 
Wid gin ties Qonce | vine tives vgs apa 


~~ +i 
a boreata ly haynes 


Ow powld We wl yes. 


proximity of stations with a teokooduts record of 
meteorological and hydrological data (Figure 1-2). 
Pocket Lake and Muskeg Creek are two sub-basins 
(Figure 1-3). The hydrometric station at Muskeg Creek has 
not functioned satisfactorily owing to leakage problems 
caused by permafrost active layer movement, The lake level 
recorder at Pocket Lake has functioned very well and the 
record has proven very useful in estimating lake evaporation. 
Much of the hydrological work in Baker Creek basin 
has been undertaken in conjunction with ground temperature 
measurement studies undertaken by R.J.E. Brown to determine 
aspects of the distribution of permafrost in the region. 
Seven of the eight jointly developed sites in the Yellow- 
knife area occur within the basin and the location of these 
are noted in Figure 1-3. Much fieldwork in the present study 
was undertaken at three of these sites--YT2, YT4, YT6. 
Research conducted in the basin to date has been focussed 
upon snow and snowmelt runoff studies (Kakela, 1969; 
Landals 1970). The present research is complementary to the 
previous research in that its focus is upon the summer 
season and the patterns of evaporation and evapotranspiration. 
Funding for the present study was obtained from a N.R.C. 
grant received by Professor Laycock and a grant-in-aid 
from the Boreal Institute, University of Alberta. 
RESEARCH PROBLEM 
As is the case for many other northern locations the 


data presently available for Baker Creek basin are not 
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satisfactory for close definition of the water balance 
patterns in the region. In the present study an attempt is 
made toresolve this problem with a focus on the nature of 
the evaporation and evapotranspiration patterns present in 
the study area. These latter patterns have suffered a 
particular lack of attention not only in Northern Canada 
generally but also in Baker Creek basin where previous 
research has focussed on winter and spring seasons when 
evapotranspiration and evaporation are of negligible 
importance in the water balance. 

Evaporation has been called "the most desperate branch 
of that desperate science, (meteorology)" (Bruce and Maasland, 
1969, p 69). The problems which confront its measurement 
and accurate estimation in southern regions (Hare, 1961) 
are compounded by the under-researched influences of several 
distinctly northern characteristics. Most notable among 
these characteristics appears to be a lack of knowledge of 
the pattern of water loss as a result of evaporation and 
evapotranspiration processes through the vegetation indigenous 
to the Subarctic. The few studies which have been made to 
date indicate that the evaporation process operates at 
Significantly lower rates through the moss and lichen covers 
which dominate much of the region (Nebiker and Orvig 1958; 
Watts, Galloway and Grenier, 1960; Browa 1961, 1965), This 
evidence has been obtained mainly from evaporimeter and 
atmometer measurements. Gorroborative evidence has been 


obtained by means of a heat balance approach. In northern 
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areas such studies have indicated substantially lower rates 
of utilization of net radiation by evaporative heat flux by 
comparison with mid-latitude regions (Mather and Thornth- 
waite, 1956, 1958; Ahrnsbrak 1968; Rouse and Kershaw 1971, 
1973). The combined evidence from such studies does not 
appear to be strong enough yet to justify projection of the 
results over all of the North. More studies of a similar 
nature appear io gee required in other parts of the North 
before a clearer definition of this component's patterns can 
be attempted. 

Much of Northern Canada ae covered by lakes, See clark y 
in the Canadian Shield region, and lake evaporation would 
appear to be a relatively significant component of the 
northern water balance. Any regional estimate of evaporation 
must include close consideration of lake evaporation. Little 
substantial research has been undertaken in the North 
however to function as a guide in making such estimations. 
The results of studies which have been made have generally 
been obtained by application, to scanty climatological data, 
of empirical formulae derived in mid-latitude regions (eg, 
Richards & Webb, 1971). More research is required to check 
the results obtained by such methods, particularly through 
an evaluation of the influence of the heat storage aes and 
local advection effects which might be expected to alter t 
evaporation regimes of northern lakes. 

Regional evapo transpiration estimates can also be 


derived as a residual in the water balance equation. In 
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this approach it is assumed however that precipitation, 
runoff and storage effects may be accurately estimated, 

In the North basic measurements of precipitation and 
runoff are more abundant than evapotranspiration estimates, 
In the striving for a better definition of the water balance 
these two components have received much attention, 
particularly precipitation (Hare and Hay, 1971; Findlay 
1969). Improved estimates of the precipitation variable 
have permitted significant improvements to be made in the 
definition of the water balance. By contrast few attempts 
have been made to solve the problem by research designed 
to determine estimates of regional evapotranspiration 

for use in combination with more representative runoff 


measurements.” This its “however “tre broad thrust of the 


present thesis. 
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OBJECTIVES 

In the initial research design a relatively narrow 
study focus upon net radiation patterns and evapotrans— 
piration relationships for sample sites present in the basin 
was envisaged. Severe instrument problems arising in the 
course of field research prevented the satisfactory 
realisation of this objective and resulted in a need for a 
re-orientation of the thesis design along much broader lines, 
Thus the scale focus of the thesis shifted from an emphasis 
on the site scale to one on the basin scale. The basin 
scale conclusions were derived or inferred from analyses of 
fieldwork results, literature research and available standard 
climatological and hydrological data. 

It may be convenient to list the revised objectives 
on the basis of scale. 
Site scale: The measurement and/or estimation of evaporation 
of evapotranspiration from: certain understory vegetation 
types found within muskeg, sedge meadow and Black spruce 
woodland bog plant associations; a sample of lake surfaces; 
and some small free water surfaces. These objectives relate 
mainly to the study period June to August, 1972. 
surface scale: Estimation of average annual water balances 
for the main surface types present in the basin - vegetative, 
free water and bedrock-dominated surfaces. (The latter 


surface type is distinct from bare rock surfaces). 
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Basin scale: A more satisfactory definition of the average 
annual water balance patterns for Baker Creek basin with 
a focus upon the evapotranspiration component of the water 
balance system. 
METHODS 

The thesis is developed by building on conclusions 
derived at each scale of investigation from the sites to 
the basin. The detailed fieldwork research which could be 
salvaged from the initial research design was used at a site 
scale. The sites- thus intensively investigated constituted 
a distinctly limited sample of the total variety present 
in the basin. Results from these investigations are intended 
to be viewed largely as sample checks on patterns deduced 
from analyses of literature research and available standard 
data. For the vegetative surfaces data were obtained mainly 
by evaporimeter studies in conjunction with soil moisture 
measurements, Net radiation was monitored almost 
continuously at one of the vegetative sites, More information, 
of a general nature, on heat balance aspects was obtained at 
the permafrost sites where active layer development was 
monitored by periodic probing of representative surface 
areas, The equilibrium evapotranspiration model (after Rouse 
and Stewart, 1972) was also used to obtain estimates of 
evapotranspiration at the permafrost sites. 

Evaporation from certain lake sites for the summer of 


1972 was estimated using lake surface temperature 
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measurements in a semi-empirical formula (Richards and 
Webb, 1971). Lake level changes in a small lake-dominated 
sub-basin (Pocket Lake) were also utilised to derive lake 
evaporation estimates for the summers of 1967-1972. The 
changes in level of small pools during the summer of 1972 
were also monitored in order that evaporation patterns at 
such sites might be estimated. | 

At the surface scale, generalizations from site scale 
data, derived primarily from fieldwork observations, were 
heavily supplemented by inferences drawn from an extensive 
literature review and the interpretation of available 
climatological and hydrological data, It was also at this 
scale that generalizations were made concerning the water 
balance patterns of the bedrock-dominated surfaces. This 
surface type constitutes approximately 50-60 percent of the 
basin area. (Bare rock surfaces would probably constitute 
a significantly smaller proportion of the basin area). 
Although no detailed fieldwork was undertaken on bedrock- 
dominated sites it was thought. possible to generalise 
concerning the patterns present through an appreciation of 
the interrelationship of storage capacity and precipitation 


might be obtained, This appreciation was improved by 


reference to field observations at typical bedrock sites in 


the basin made by Kakela (1969) and Landals (1970). 


Synthesis of the basin scale water balance was obtained 
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primarily by application of the results of the research 

at the site and surface scale in calculations involving 
three separate approaches aimed at realising a better 
definition of the water balance of the basin. These three 
approaches were the Thornthwaite water balance (Thornthwaite 
and Mather 1955; 1957), climatonomic analysis (Lettau 1969; 
Hare and Hay 1971), and semi-empirical studies orientated 

to refining the work done by Kakela (1969). The imple- 
mentation of these approaches was greatly facilitated by 

the use of good runoff records for the Baker Creek basin and 
Pocket Lake sub-—basin for the years 1968-1972. These records 
therefore have received more attention in the overall 
analysis than may have been anticipated for a thesis with 

a focus upon evaporation and evapotranspiration. 

A major outcome of the revised, broader thesis design 
was a greater emphasis on the literature review as an 
initial source of information for deriving water balance 
patterns in the basin. In several cases the material 
covered has been used to supply conclusions which could 
not be wholly substantiated from the fieldwork conducted 
during the present study. For instance, this approach was 
adopted in estimating the nature of evapotranspiration for 
the trees and shrubs which constitute an important part of 
the vegetation in the basin. Field methods to obtain good 
first-hand estimates for these parameters were not practical 


in terms of the necessary instrumentation and operator expertise. 
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The literature review has also been used to overcome 
the consequences attendant upon instrument failure and 
other fundamental measurement problems encountered during 
fieldwork. lxtensive use was made of the literature on 
albedo patterns over subarctic surfaces to gauge the net 
radiation over different sites from a record for one site. 
This was made necessary by the failure of one portable and 
one recording net radiation measurement systems. In the 
initial research design these systems were to be periodi- 
cally rotated around a selection of natural sites and 
related to the continuous control record, It was only possible 
TO use the control record by itself however. Similarly 
the literature on ground heat flux patterns in subarctic 
and arctic areas was drawn upon extensively to replace 
unsstisfactory field estimates. This situation was 
precipitated by an apparent malfunctioning of the potentio- 
meter used to measure the thermocouple temperatures. There 
were also difficulties in obtaining representative estimates 
of the thermal conductivity of the organic and mineral soils 


monitored, 
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ORGANIZATION OF THE STUDY 

The physical setting of the study area as it relates 
to the objectives of the study is described in Chapter Two. 
Chapter Three is a comprehensive review of the pertinent 
literature. In Chapter Four the intensive study sites, 
research methods employed, and limitations of the study's 
findings are described. Chapter Five contains background 
climatological information to provide a perspective on 
conditions during the study period in relation to long term 
patterns. This chapter is mainly a presentation of the 
results gained sa the research into evaporation and 
evapotranspiration patterns for various surfaces,and an 
interpretation of these results. In Chapter Six an attempt 
is made to synthesise a better definition of the water 
balance of Baker Creek basin. Mean annual water balance 
equations are presented for various sites in the basin and 
compared with those determined by Kakela (1969), Clima- 
tonomic analysis is also employed to determine the best 
combination of parameters necessary for more precise 
definition of the mean annual water balance of the basin. 
‘Chapter Seven contains a summary of the research, conclusions 


drawn from it and suggestions for future research, 
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CHAPTER TWO 


THE PHYSICAL SETTING 


INTRODUCTION: The following description of the physical 
setting of the Baker Creek basin will provide the perspective 
necessary for proper evaluation of this study's results. In 
their theses, Kakela (1969) and Landals (1970), accomplished 
this descriptive task with lengthy chapters. The systematic 
survey presented here is in part a summary of their work. 
This presentation however contains an emphasis on those 
aspects which particularly influence the summer water balance 


of the region. 


BEDROCK GEOLOGY 

Baker Creek basin is situated within the Canadian Shield 
as opposed to most of the Mackenzie River drainage basin 
which is located immediately over bedrock of sedimentary 
origin. The complex geological history of the region has 
resulted in the outcropping of a number of contrasting rock 
types. These distinctive lithologies, because of differences 
in weathering patterns, porosity differences and differences 
in albedo affect evapotranspiration patterns through their 
more direct influence on runoff patterns, 

About 85 percent of Baker Creek basin is underlain by 
Archaean granodiorise,granite and allied intrusive rocks, 
The remainder of the basin is mainly within the Yellowknife 
Greenstone Belt which is located about the centre of the 
eastern edge of the basin. A few large basic dyke systems 


also occur in the basin, 
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Faulting is very prominent. The trend of the faults 
is north and northwest with some large cumulative 
horizontal and vertical displacements. The West Bay Fault 
which divides the basin roughly in half from northwest to 
southeast is the largest fault in the region and has been 
traced or more than 150 miles. Movement along this fault 
has resulted in a definite lineation of lakes in the basin 
and to a large extent the fault controls the drainage pattern 
of Baker Creek. From the northern end of the basin, south- 
ward to Landing Lake, the course of Baker Creek itself is 
strongly controlled by the West Bay Fault. Tributaries 
generally flow southwest toward this fault and in many cases 
are controlled by small cross faults, dykes and veins, 

Local relief seldom exceeds 200 feet and Berry Hill, 
on the eastern divide, approximately 880 feet above sea 
level and 370 feet above the level of Great-Slave Lake, is the 
highest point in the basin. Granitic areas have a somewhat 
different physiography than the greenstone areas of the 
Yellowknife Group. According to Jolliffe (1945) areas 
underlain by granitic rocks show the least local relief 
and commonly stand at a higher average elevation than areas 
underlain by rocks of the Yellowknife Group. 
SURFICIAL DEPOSITS 

Most of the surficial deposits in the area are materials 
deposited directly from glacial ice or by glaciofluvial and 
glaciolacustrine action. On the basis of stratigraphical 


relationships and radiocarbon dating it has been suggested by 
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Craig (1964, p 39) that the area just east of the basin was 
deglaciated about 7000 years B.P. 

The primary result of the glaciation was the reduction 
of local relief. Glacial erosion scoured and rounded the 
upland areas while deposits nartly filled the adjoining 
depressions. Roche moutonces are common features in the 
basin as are striations, chattermarks and crescentic gouges. 
The orientation of these features indicates an ice movement. 
direction from the east-north-east. Glacial erosion has 
also produced numerous hollows of various size which act as 
semi-permanent reservoirs to reduce or detain runoff and 
increase evaporation. 

Glacial erosion on a microscale can be very significant 
in terms of evapotranspiration losses because of its effect 
on detention capacities and infiltration rates. Although 
many of the bedrock outcrops appear relatively smooth from a 
distance, on closer inspection many roughened pavement areas 
and small scale depression areas can be observed (Plates 
2-1 and 2~2). Some have trapped windblown soil material and 
vegetation has developed. Because of these features 
‘detention storage is increased and actual runoff is less 
than what might be expected from such apparently smooth and 
bare bedrock areas. This pattern is accentuated by the nature 
of the precipitation events since the small depressions act to 
detain for evapotranspiration most of the precipitation 
of lighter rains. Only a few heavy rains, and the snow- 


melt surplus, have significant yields on such surfaces. 
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Plate 2-1. Roughened granite bedrock pavement with 


relatively large detention capacities. 
Note mosses in depressions where trees 
can take root. Photograph taken on the 
edge of Muskeg Creek sub-basin facing 
in a southwesterly direction. 


Plate 2-2. Greenstone bedrock near Ryan Lake road, 


Relatively smooth rock surfaces inter- 
spersed with numerous depressions con=- 
taining an absorbent vegetation cover. 
Photograph taken facing in a north- 
easterly direction. 
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Deposition of glacial +411 has not been of marked 
significance in Baker Creek basin. According to Jolliffe's 
map (1945) only about 5 percent of the basin is covered by 
Major’ areas of glacial till. The distribution of this 
type of deposit is mainly restricted to the southeastern 
divide region of the basin. Major glaciofluvial deposition 
areas within the basin appear to be similarly distributed 
as far as the basin is concerned although some deposits may 
be more widespread but concealed under peat covers in | 
depressions, 

Another category of glacial melt water deposits are 
those associated with proglacial lakes. ‘These materials 
are of two main types: fine lacustrine sediments and beach 
sands and gravels. The more extensive of these deposits 
may be interpreted as being products of Glacial Lake McConnell 
which has been identified as extending from Great Bear Lake, 
through Great Slave Lake to Lake Athabasca (Craig 
This extensive proglacial lake was formed immediately after 
deglaciation, Beach deposits associated with it are locally 
very prominent and Jolliffe (1945) identified these features 
in Baker Creek basin up to elevations of 240 feet above the 
present level of Great Slave Lake. These beach deposits 
consist of well-sorted sand and fine gravel, are generally 


for vegetation 
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well-drained, and provide optimal le 
growth. 

The finer glacio-lacustrine deposits are also important 
locally though they are not as extensive as the beach materials. 


The proglacial activity resulted in the movement of material 
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to the bases of depressions and the washing of the slopes. 
The resulting contrast between cleanly-washed bare rock 
slopes and lacustro-till filled depressions is greater 

than in areas not subject to lake action, The lacustrine 
deposits consist mainly of fine impervious clays and 
usually underlie the muskegs in the basin. In areas of 
non—permafrost impervious clays often seal fractures, cracks 
and shatter zones below depressions, thus preventing ground- 
water flow and allowing marked muskeg development. By way 
of reinforcing this point that groundwater flow is negligible 
in the study region, Brandon (1965) concluded this to be 

the case from a groundwater hydrology study in the region 
invoiving consideration of evidence from physiographic, 
geological and permafrost conditions, mine reports and 
chemical analyses of stream water. Conditions at Con Mine, 
Yellowknife, just south of the basin have been reported by 
Mr. Beduz, the mine's maintenance superintendent (Personal 
Communication, April 30, 1973). He states that there is a 
minimal amount of surface ground water entering the mine 

and that this is generally because the faults and shears 

are tight. Underground water flows are occasionally 
encountered but in the history of the mine these have been 
quite easily controlled, 

Glacial deposits of many types have resulted in the 
blockage of previously existing drainage channels. This 
blocking of channels and the glacial erosion of hollows 
have resulted in the formation of a deranged drainage 


patterns. Other ramifications of this glacial topography 


an 


ORs 


aeeele eat te welieaie il ip. @ 
yor wtas: badvaw-¢ ease 


sou Sao BE eiteieaoncsb Petar EES! 


fi Purteer Ag. 


SE Ro oon 


aid ao bvei of J08htwe 4 
ayes anghremaint auth td sett 
xl ptlaad eat mk egotiasin: ait 
“i feos Weta avert woivinanl 
svowy pont? peLolrmaaeyel wofed apaae.' at 
Sen eee Pe quiwotte aa 
ots xe idea on ih Feat 3 sacha oa hie Ia 


SAILS. , So 7HS De 


othtay mort (somehiwe For rrotteice tenga 
nr a 
hak APVOTHT Bl. pA ry nicl tebn Lamcag bat et) £ 


1 


ng = 
a 


ae I coe 


? sua : 


tebe fones (Reel) webmag iaokaes x 


aiupke thao! ani, Mansa ‘to. ‘atest Ss 


2x seed wuld elaed ott te sitvoe tet gill 
Juebtate tags occas eed etek ott eirbe 
teddy eessla /oh: uf2PeL: ae Shah 4 
nas sit DRitar ae APseN frvetg aoa rate te’ we ‘ 


grnans bas 


| 4tinawisesse rsa aves? ‘Tate Bevoaguebatl. 
Heed eval saytect aa ko writ te Violabs -sat. ah sd 


“in i ait 


; » ie 


ont, ae 
at foe? os anened yitaiotoy at: bers SE F 


Mahan se 


on water Peterce Sunes anclude the diitficulty of 
determining drainage divides and the inducement of a 
Significant delaying effect between surplus precipitation 
and stream discharge, 

WEATHERING PRODUCTS 

Post-Pleistocene weathering of the exposed bedrock 
areas merits some mention because of its enhancing effect 
on detention capacities. Post-glacial erosion appears to 
have been more pronounced on the granites than on the green- 
stones. Physical weathering affects the granites and the 
greenstones similarly but chemical weathering is more pre- 
valent on the granites (Landals, 1970, p 21). 

Granular disintegration is a very important chemical 
weathering process affecting exposed granite surfaces, fThe 
products of this process are washed into depressions on the 
bedrock surfaces. This process also leaves the surface of 
the granite pitted and it is thus able to hold a film of 
water on the surface thereby increasing evaporation and 
reducing runoff, It has been estimated that since deglac- 
iation less than one half inch of the granite surface has 
been removed by granular disintegration as evidenced by | 
comparing granite exposures with adjacent glacially polished 
and striated dykes (Landals, 1970, p 21). Half an inch is 
probably greatly in excess of the median amount. The green- 
stones have not been affected by chemical weathering to an 


appreciable extent as is indicated by the excellent preservation 
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of abundant striations and chattermarks, 

Important physical weathering processes are joint 
block separation, exfoliation, and especially frost shattering. 
SOILS 

Soil development or lack of development plays an 
important role in moisture balance patterns. The thick 
accumulations of intrazonal organic soils in bogs and swamps 
are very significant because of their great moisture storage 
capacity, while the azonal soils developed on bare rock 
result in much lower storage capacities. 

PERMAFROST | 

As located on MAP 1246A Permafrost in Canada, 
(Brown,1967,)Baker Creek basin lies within the zone of 
discontinuous but widespread permafrost. Permafrost is 
"the thermal condition under which earth materials exist 
at a temperature below 30°R continuously for a number of 
years" (Brown, 1969, p 13). 

Permafrost has a number of important effects upon 
water balance patterns. Groundwater that enters a zone of 
permafrost (which is not already saturated) becomes immo- 
pilized as ice and is removed from the dynamic water balance, 
If the unconsolidated material is already saturated, (as 
is usually the case in the study area), the permafrost 
table provides an impermeable barrier to infiltration. 

This barrier impedes drainage in much the same manner as 


bedrock and is partially responsible for the extensive 
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tracts of muskeg. Since approximately 60 percent of the 
study area may be estimated from air photographs to be 
exposed bedrock and most of the remainder is underlain 
by permafrost or bedrock at shallow depth, (usually less 
than three feet), groundwater movement is very limited 
except ona local scale. The permafrost table also 
restricts the depth of rooting of trees in many locations. 

The active layer strongly influences water balance 
patterns in the basin. It acts as a reservoir for moisture 
storage taking up large volumes of water in some seasons 
and releasing it or holding it for evapotranspiration 
later. The degree of saturation of the active layer in 
the spring has a marked influence on snowmelt runoff 
patterns as this controls the average storage space for 
moisture npheiet) The often saturated and relatively cold 
condition of the active layer is an important influence in 
retarding transpiration through vascular plant species. 
VEGETATION 

Baker Creek basin lies within the subarctic Forest- 
Tundra Transition vegetation belt. It is on the forested 
side of the Arctic tree line but the trees are stunted as 
a result of the harsh climate and there are open moss- 
lichen areas interspersed with the wooded areas, (Kakela 
1969, p 64). 

A full description of the vegetation of the southern 


portion of Baker Creek by plant association has been 
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presented by Landals (1970, p A ing 

Two major categories are identified: upland ridge sites 
and depressional valley sites. Those aspects of the 
plant associations salient to the present study are 
summarised here, 

UPLAND RIDGE SITES 

1. Jack pine-lichen: This association is essentially 
composed of large expanses of bare rock but for a few 
jack pine (Pinus banksiana) rooting in the fractures and 
the small depressions with some material soil. Crustose 
lichens (spp.) are abundant and widespread as a pioneer 
species on bare rock. 

2. Jack pine-bearberry: The characteristic surficial 
deposit associated with this association is thin drift. 
which is generally coarse and stony with a low moisture 
holding capacity. Jack pine is found (25 percent crown 
cover) and ground cover is generally continuous, being. 
dominated by bearberry (Arctostaphylos spp.) but with lichen 
locally very abundant. This association is only 
represented over a relatively small area of the basin and 
this statement also applies to the aspen-birch and jack- 
pine associations. 

Sanwiatevspruce {Picea glauca): Scattered throughout - 
the upland areas are gentle slopes mantled by accumulations 


of mineral and organic soil. These sites are occupied by 


* iliore information on vegetation cover in the basin will be 
available as a result of vegetation mapping studies now 
in progress and to be reported in 1974 by J. Park. 
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white spruce, (crown cover greater than 75 percent). 

Alder (Aldus erispa) is the major shrub in this association 
and the thick ground cover is made up of a variety of 
mosses and lichens. | 

4. Black spruce (Picea mariana): Where large depressions 
have formed in upland areas their floors are often sealed 
by fine lacustrine clay. This material impedes drainage 
resulting in a plant association dominated by black spruce. 
Poor drainage of these depressions also results in the 
presence of organic soil largely built up by Labrador 

tea (Ledum palustre) and Ophagnum mosses. Most of the 
water that collects in these sites during snowmelt is lost 
in summer through evaporation and transpiration according 
to Landals, Drying out of these sites in summer lowers 

the soil moisture content and permits a more mesophytic 
ground vegetation than is normally associated with black 
spruce. 

DEPRESSIONAL SITES 

me Black spruce - labrador tea: The most heavily vegetated 
depressional sites are the plack spruce muskegs. This 
plant association, which occupies extensive tracts of 
muskeg in the basin is greatly dominated by the two species, 
black spruce and Labrador tea. A thick ground cover of 
Sphagnum is everywhere present and permafrost is also 
usually present at a shallow depth in these locations, 

2. Willow-ground birch: This second muskeg association is 


dominated by willow (Salix spp.) and ground birch (Betula 
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glanduloso). Ground cover consists primarily of Sphagnum 
mosses, sedges (Carex Spp.) and aquatic grasses. This ass- 
ociation is particularly associated with icings’ 
development along the valley adjacent to Baker Creek. 

3. Labrador tea: In certain depressional areas Labrador 
tea is dominant with Sphagnum (spp.), cloudberry (Rubus 
chamaemorus) and horsetail (Equisetum spp.) locally very 
abundant. 

4, Sedge meadow: Sedge (Carex spp.) meadows occupy 
drainage sites which tend to dry out slightly as summer 
progresses, 

Preliminary taxonomic data from vegetation mapping 
transects made within a mile of the main study sites are 
presented in Appendix A. 

MAN'S INFLUENCE ON VEGETATION 

This survey of the vegetation in the basin would not 

be complete without some mention of man's influence on the 


vegetation of the area. This influence is marked in the 


* The formation of icings has been described by Landals 
(1970, p 9): "In early winter, stream flow is impeded 
by freezing in the form of anchor ice at the bottom 
and floating ice at the surface, while shallow channel 
sections may freeze solidly. Water still flowing from 
upstream floods over the frozen surface of the channel 
as the flow becomes increasingly impeded, Alternate 
flooding and freezing, continuing most of the winter, 
may build up layers of ice six feet in thickness." 
(See also Landals 1970, p 39-42). 
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southern part’of the basin especially in’ the vicinity of 
the Giant Yellowknife mine. In addition to the damage 
commonly caused by cutting during prospecting operations, 
the vegetation adjacent to the mine has also been greatly 
modified by fire. As a result the organic layer and 
vegetation cover has been somewhat reduced, 

Air pollution has also played a significant role in 
destroying vegetation in the area around the mine, Arsenic 
compounds were formerly released unchecked into the atmos-— 
phere and this has had a devastating effect on much of 
the vegetation and wildlife in the area. 

IG is dificult to quantify the intiuence of such 
activities on the water balance patterns in the basin. 
However its existence should be borne in mind when 


evaluating this study's results and applying them elsewhere, 


CLIMATE 

Temperature: Latitude and continentality play major roles 

in controlling temperature. The study area has short summers 
and long winters. Whereas at the winter solstice Yellow-— 
knife receives slightly less than five hours of insolation, 
at the summer solstice about twenty hours is received, The 
greater angle of incidence in the summer increases the 
intensity of solar radiation. There is also less absorption 
and scattering of radiation by the atmosphere during the 


height of the summer (Fig 2-1). 
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The study area is situated approximately 750 miles 
from the Pacific Ocean, about 650 miles west of Hudson Bay 
and about 350 miles from the nearest part of the coast 
of the Arctic Ocean. It is thus far removed from the 
moderating influence of oceanic water bodies, Also the 
latter two bodies are frozen for much of the year and 
thus have primarily continental characteristics. 

The annual mean monthly temperature range is thus 
substantial (almost 80°F), The extreme temperature range 
in an individual year could reach almost double this level. 
(Figure 2-2). <A factor which slightly counteracts the 
continental temperature regime in the study area, especially 
imsummer,) is the protimity of Great Slave Lake.~ Because 
of the slower heating rate of the lake relative to the 
adjacent land in summer and its slower cooling in early 
winter before the ice cover forms, the land areas adjacent 
to the lake have slightly moderated temperature ranges 
by comparison with more removed locations. 

From Figure 2-2 it may be observed that significant 
evaporation and evapotranspiration is on the average 
confined to the months of May to September inclusive with 
the major activity taking place in June, July and August. 
It is probable that the evaporation regime is skewed towards 
the fall period for the larger lakes owing to the heat 


storage lag influence, 
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FIGURE 2-2 MEAN MONTHLY TEMPERATURE AND 
PRECIPITATION. YELLOWKNIFE AIRPORT. 


Source: Kakela,(1969,p.40) 


MEAN ANNUAL: TEMP.21.9° F; PPCT. 9.47 inches 
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Yellowknife's altitude is relatively low, (approx- 
imately 600' a.s.1.), and this tends to reduce somewhat 
the diurnal range of temperature, especially in summer, 
to relatively low levels. Low pressure systems originating 
mainly in the Gulf of Alaska control the summer weather. 
Some local low systems tend to develop because of the 
rapid heating during the short but intensive summer. 
Also cyclonic storms occur less frequently than in more 
southerly locations and as a result the sequential temper- 
ature fluctuations associated with the passage of cyclones 
are not as prominent in the study area as they are in mid- 
latitudes, 
Precipitation: In a water balance evaluation the amount of 
precipitation received provides the input to the system. 
The study area is located in a region of very low average 
annual precipitation. Mean annual recorded precipitation 
at Yellowknife Airport is 9.73 inches (Figure 2-2). This 
low precipitation total is due to three main factors. Cold 
air masses are prevalent over the area, They have little 
moisture holding capacity and thus produce only limited 
precipitation with uplift. Secondly, there are few 
precipitation mechanisms to induce release of what little 
water vapour does oceur in the atmosphere. There are no 


orographic barriers capable of causing significant uplift of 
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air masses, Convectional and cyclonic mechanisms rarely 
occur in winter and are at best poorly developed in summer, 
Thirdiy, the study area is isolated from sources of marine 
air. it is situated in a rainshadow location with regard 
to any westerly flow of air from the.Pacific Ocean. However 
Pacific air masses are still the major source of moisture. 
exyehonic and more limited convectionalsuplift of this air 
must exceed the levels reached during the mountain passage, 
This constraint results in the precipitation that falls 
being moderate in frequency and intensity (Kakela, 1969, p47). 

The annual regime oi precipitation indicates a moderate 
concentration in the summer and early autumn. During these 
periods there is an increased frequency of precipitation 
mechanisms, in addition to the increased water vapour 
holding capacity of the warmer air during this period. 
Conversely however the higher air temperatures correspond 
to increased demands for moisture by plants and increased 
rates of evaporation from free water surfaces. 

The detailed nature of the precipitation can be 
very significant in evaporation and evapotranspiration studies, 
particularly in areas of bedrock or moss-lichen surfaces. 
For the study area the frequency of precipitation in 


summer tends to be in the low to moderate category (Table 2-1), 
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TABLE 2-1 


Percentage frequencies of hours with precipitation: 


Yellowknife Airport, 1957-1966 


Apr. May dume Jul, #ug. Sept. Oct. 


Thunderstorms -- em 0.5 0.6 O45 7 -- == 
Rain eae 4,4 6.6 (8,3 Oa icwd, bel 


e.: Snow EO 8. a0 One — Coole 2.4 if .s 


pource -D.0,T., Hourly Data Summary No. 78 Yellowknife Airport. 

The individual precipitation events are also marked 
by the paucity of yield and the vast majority of precip- 
itation hours are classed as "light" with very few "moderate" 
or "heavy" occurrences (Kakela, 1969, p 46). ‘The daily 
precipitation record for Yellowknife Airport for the months 
of April to September inclusive from 1966-1972 is presented 
in appendix form as additional background information on 
this aspect ( Appendix B, Canada ).O,7., A. bed... Nonthiy 
Record 1967-1972). 

Winds: Evapotranspiration is influenced to an important 
degree in the study area by wind velocity and duration. 

The twelve monthly and one annual mean duration 
intensity wind roses from Yellowknife Airport for the 10 
year period 1957-1966 are shown in Figure 2-3, In these 
wind roses the direction of the wind is represented by the 
orientation of the lines. The hourly duration of wind from 
anyone direction multiplied by the mean speed of the wind 
from that direction yields a duration intensity value for 


1 


the wind blown from that direction in miles per hour, The 
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FIGURE 2-3. MEAN DURATION-INTENSITY WIND ROSES FOR 
YELLOWKNIFE AIRPORT 1957-1966. 


Source: Kakela,1969,p.51) 
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lengths of the lines on the wind roses are proportional to 
these duration intensity values, 

It may be noted that in summer the wind pattern is 
more variable than in winter with some prevalence from 
southerly directions. It is probable that the variable 
pattern is related to the influence of Great Slave Lake 
in encouraging the development of daily land/water breeze 


effects. 


. Climate Classification: Climate classifications for 
Yellowknife Airport data have been reviewed by Kakela (1969, 
p 52-55). In most classifications based on that by Koppen 
Yellowknife is centrally located in the Subarctic class. 

The point is made that though precipitation is light in 
Yellowknife's class, evaporation is small, making the climate 
effectively moist. Recently the Thornthwaite classification 
system has come to enjoy preference over the Koppen-based 
systems. (Carter, 1967). This classification is of 
particular significance here because of its incorporation 

of the potential evapotranspiration (P.E.) concept. M. 
Sanderson has applied the Thornthwaite classification to all 
of Canada (Sanderson, 1948 b), The study area was classified 
as having a moderately large moisture deficit compared to 

an existent, but small, annual surplus. The classification 


also indicated that Yellowknife has a P.H, value, estimated 
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from mean monthly temperature and a length of day factor, 
which is "low" annually, i.e. between 11.22 and 16.83 inches 
(Kakela 1969, p55). 

The first section of Chapter Five is devoted to a 
comparison of weather and climate patterns during the study 
period with longer term trends. Spatial variability of 


parameters is also discussed, 
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CHAPTER 3 
LITERATURE REVIEW 


INTRODUCTION: The literature review is organized into 

three main sections. ‘The first section is focussed upon 
evaporation and evapotranspiration from vegetation 
communities commonly found in the*Subarctic,s The literature 
on albedo patterns over subarctic surfaces also receives 
attention in this section in addition to a consideration of 
the literature relating permafrost and vegetation inter- 
relationships. Ground heat flux is also considered here, 
hake evaporation forms the focus of the second section and 
basin scale working estimates of evaporation and evapo- 


transpiration are considered in section three. 


A reference map indicating the location of various studies 
mentioned in the literature review has been constructed 


(Figure 3-1) 
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EVAPORATION AND EVAPOTRANSPIRATION FROM 
ARCTIC AND SUBARCTIC VEGETATION COMMUNITIES 


COTS SORES 0 ECE RAS 0 re 


In subarctic and arctic regions mosses and lichens 
comprise a relatively great proportion of the total flora 
by comparison with mid-latitude areas, These non-vascular 
plants do not transpire and hence may be expected to 
Significantly influence water balance patterns. The 
vascular flora which occurs in the north-—trees, shrubs, 
sedges ete.,--cannot be viewed as functioning 
in a similar manner to vascular plant species found in the 
south since this flora in the north tends to be associated 
with wet peatlands and for permafrost conditions which may 
be expected to alter plant behaviour. 

It is difficult to classify the literature available 
on this topic. A systematic survey by different plant 
types is complicated by the comparative nature of many of 
the studies which have been undertaken. Also, in some 
cases the vegetation is not indicated, though the results 
may be of interest. The organisation followed here is a 
combination of the geographical location of certain studies 
and systematic consideration of different plant types or 
different influences on evapotranspiration. 

Lichen covers have received a relatively high degree 
of research attention in Northern Canada by comparison with 
moss covers. Pioneer work on moisture balance studies 


over lichen covers was conducted by personnel associated 


Of 


wa 


AF oll era UP ae 


oe ceraange WG 


exsioit fee séne om asta capbania 


ee 


‘ a — 
suey iy ae 
a Wi. lieten oe 


& maghaaya bas 
sxoft Iedot ode De mebixogony ane (Tes wv ttet 


a : ms ‘ 
nT, So chat ‘i = 
“i is 7 ” 
Py of ae F 
7 i ty an : bh ™ 
‘ 


apficesrenon o2002 


od fetoesdee sd yam beer Bits | figs is 

ea? 86. creme See Led EST SW sont tat Wyo t 
edges , coe ~ Ht) dort ahs link wareenign ito 2160 inne 
aie PiroLPonnt eR bows iy Of, ernie 

cot AF Heipol asdosuen Jitale CIR oo adeidaw 3 
heteinona SY of shredder ade me eeees salen 
you Lolde snolpiheoo Senter eq ay BAS: peice 
 prpoivekted ded, ele ot 

abiattevs': sandered ts wilt “diese fount ‘tf iaQrre ee, ae 
taolg PAUSE DLb Ho gous S oii emavayE Ms got 


i. 


to yl? 26 sagen ov itaapoies ht a 

eon ue (onli .. traded ee pe mased yi 

effirset ei? Hacotht  bereohbinl Yor sit Sade eps 

& et saga bowel iot nested Liege Sve? piensa: bash 

eoltbote ntetxeo to nobravel Peytigaigess sitit to fogs . 2 

~o beget thaly thesott th ho aobtatebisnes ‘india? 

. nod TRS Lye ehogyS ine doowanczek 4 rere" 

semeb dwid yleviieier ® bowie set SAN BSOs » 

ddiw cohtweqass yd Sneed ‘agree teh wonswedihe A 
repviien dine lad eeu elen ro 2a" etait, 


ie 


L.bavriscdns Lstebaliegy ed het avcbol paw ATevge, 


41 


with the McGill Sub-Arctic Research Laboratory, Knob Lake, 
(Schefferville)on the Quebec-Labrador Boundary in the 
central portion of the Labrador-—Ungava peninsula. The 
initiative for these early studies may be attributed to 
Hare (1954, 1955). He noted the evidence of relatively 
high measured runoff values, (by comparison with measured 
precipitation), for the subarctic regions of the Labrador- 
Ungava peninsula and also for similar terrain in Northern 
Finland. Hare suggested reduced evapotranspiration as a 
possible explanation pointing to the widespread occurrence 
of bare rock and the cryptogram floor cover, (mosses and 
lichens), possessing only rudimentary capacity to draw on 
soil water. Nebiker and Orvig (1958) attempted a partial 
proof of Hare's hypothesis. They installed Thornthwaite- 
style evapotranspirometers beneath a lichen cover in the 
summer of 1956 choosing open woodland sites at Knob Lake. 
P.E. rather than actual evapotranspiration (A.E.) was the 
quantity of water loss measured by these tanks since the 
soil was kept at field capacity by sprinkling water over 
the tanks after a 24 hour period without rain had occurred. 
An attempt was made to reduce the "oasis" effect by also 
sprinkling the surrounding area with water at the same time. 
Measured water loss from the tanks, (i.e. measured P,#.), 
averaged a total of 5.4 ems. for the months of July and 
August. The Thornthwaite computed P.E. for the same period 


was 18.6 cms, Precipitation was 20.1 ems. Nebiker and 
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Orvig (1958) noted that the level of water loss was "only 
one-third of the value usually experienced under similar 
climatic conditions (but with a different vegetation Peery n 
(p 383) The peculiar characteristics of the lichen cover 
were cited as the major contributing factor to the very 
low measured water loss. Lichens and several moss species 
get their water and their mineral nutrients, with the water, 
through the cells in the thallus and not through any 
vascular organs from the soil itself (Hystich, 1951). They 
die at their lower end. By comparison in all other types 
of plants used as surface covers in measurements of P.E. 
the plant systems are complete, i.e. possessing roots, 
stems and leaves to conduct water into the atmosphere. The 
lichen possesses none of these parts and are instead like 
amat of uncompacted straw with the bottom layer of a more 
spongy consistency. In the field lichen appears bone dry 
on the top but soggy and wet just above the humus layer so 
that moisture is clearly not limiting. As a result Nebiker 
and Orvig believed that, "there is no 'P,E.' in lichen" 

(p 383) They further state that the customary methods of 
computing the soil moisture conditions cannot be used in 
lichen covered areas, Two main reasons are offered to 
explain why lichens allow only the very slowest rate of 
water loss: a) "The reflective power of the lichen cover 


is exceptionally high, probably near double the 30 percent 


usually given for an almost dry grass carpet. The heat 
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absorbed by the lichen covered surface is not sufficient to 
sustain a large water loss". pb) "The lichen cover serves 
as an effective mulch, protecting the soil surface from 
evaporation." (Nebiker and Orvig, p.383). 

Similar studies at Knob Lake during the summers of 
1957-59 generally substantiated the 1956 results although 
measured losses and discrepanties with computed P,i. were 
not quite so great (Watts, Galloway and Grenier, 1960). 
in the latter study it was found that measured evapotran= 
spiration was very variable and could be only weakly 
correlated with climatic parameters, Techniques of watering 
the tanks and the nature of the lichen surface were found 
to be of most significance in explaining measured evapo- 
transpiration variability. High rates were observed just 
after precipitation events. 

Hare (1966) has commented on the above results. From 
personal estimates of net radiation he concluded that only 
about one-sixth of the available energy went into evapo- 
ration according to the 1956 results. Despite the some- 
what larger losses observed in the 1957-1959 studies, Hare 
noted that the measured values still fell short of the net 
radiation equivalent by a wide margin. From these results 
he generalised that only about 40 percent of the net radiation 
was being utilised for evapotranspiration. Findlay (1969) 
has indicated that average actual evapotranspiration from 
land surfaces in the Knob Lake area is about 7.5 inches 


(18 ems). This is approximately 40 percent of the evapo- 
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transpiration that maybe expected to occur according to 
recent estimates of net radiation data for the region... 
(Hare and Hay, 1971, p 91). 

Rouse and Kershaw (1971) have recently studied the 
heat and water regimes of lichen dominated subarctic sur- 
faces in the Hudson Bay Lowlands. Soil moisture measure- 
ments made in a mature lichen woodland with thinly spaced 
trees, and in areas-of recent and older burning, indicated 
that soil moisture under the lichen dominated surface was 
at least 40 percent greater than in either of the burned 
areas. This suggested that a mature lichen cover offers 


a high resistance to the evaporation of soil moisture. 
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* 
Energy budget (Bowen ratio) determination of the evaporation 


regime indicated that lichen-dominated surfaces act as an 
effective mulch in preventing evaporation from the sub- 
surface zone whereas the burned areas which are able to 


evaporate more water into the atmosphere when moist, also 


develop strong resistance to evaporation as the soil surface 


jdayers become drier. 

The workers found that evaporation reached a peak 
during the high sun period when the direct solar beam is 
best able to penetrate the lichen mat and tap the soil 
moisture reserves. The average Bowen ratio for all the 


measurements from the lichen surface was 0.61, only 62 


percent of the available energy being used for evaporation. 


Another experiment at this site indicated that the lichen 


canopy, after being saturated from a heavy rain shower, 


* See Appendix C 
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exhibited a considerable resistance to evaporation being 
particularly strong in the morning but noteworthy through- 
out the day. Canopy evaporation was observed to progress 
by layers from the top down. At the old burn site the 
average Bowen ratio was 0.71. Soil moisture measurements 
at this site averaged 68 percent of field capacity during 
the observation period whilst the soil just below the 
lichen mat was at 99 percent of field capacity. 

A major implication of the study is that there will be 
substantially less summer runoff, both surface and sub- 
surface, from the burned areas compared with the lichen- 
covered surfaces. It is not known if this implication 
would extend to burned cover moss-—dominated surfaces such 
as those which occur in the present study area. It seems 
probable however that burning would remove most of the 
living moss cover and reduce the efficiency of the mulching 
effect. The greater exposure of the moist soil layers 
will favour increased evaporation with a concomitant increase 
in storage capacity to be filled, at the onset of 
precipitation, before runoff may occur, 

Rouse and Kershaw (1973) have made other studies of the 
relationship between soil moisture and evapotranspiration 
at lichen dominated beach ridge sites on the Hudson Bay 
coastline adjacent to East Pen Island. LEvapotranspiration 
was estimated by the soil water budget method. Selected 
results are reproduced in Table 3-1, According to Rouse and 


Kershaw the results were that the wettest surfaces and 
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the very driest surface yield the least moisture. In the 
very wet areas the soils remain cold during the summer and 
much of the absorbed radiant energy is used to melt the 
active layer above the permafrost leaving only small amounts 
for the process of evaporation. It may be concluded that 
the thick non-transpiring lichen at Site 5 presents a 
physical barrier to a water vapour flux across the atmospheric 
boundary layer. The dry soils at Site 1 were indicated to 
have a very low capillary conductivity which is partly a 
function of volumetric moisture so that in the absence of 
transpiring vegetation on the bare areas and the dominance 

of highly zerophytic plants in the vegetated patches the 
available water experiences difficulty in moving upward 
through the soil to the earth-air interface. It was stressed 
that the rigour of the evapotranspiration in the study 
environment was purely relative in comparison to moist 
“vegetative surfaces in temperate latitudes so that even the 
most freely evaporating surface still presents a considerable 
resistance to the upward movement of water vapour. It was 
also indicated that the high evapotranspiration at the blow- 
out site may well have been due to its serving as a natural 
amphitheatre which receives an excess of solar radiation, 

A more probable explanation is that the evapotranspiration 
value is erroneous, The assumption was made that net 
vertical soil moisture flux across the terminal depth of 
measurement at all sites was Zero. However the authors state 


that this assumption is only definitely valid at the sites 
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underlain by permafrost (Sites 4 and 5, Table 3-1). They 
admit to reservations about the evapotranspiration estimates 
for the sites without permafrost. It would appear that the 
reservations should have been re-iterated and acted upon in 
their discussion of the seasonal evapotranspiration estimates 
since this questionable assumption probably explains the 
very high levels at the blowout site and also for site 2. 
it is more likely that the large changes in soil moisture 
were caused by subsurface runoff from the sandy sites rather 
than evapotranspiration. Site 1 is an anomaly in that it 
is not underlain by permafrost but it experienced a slight 
increase in volumetric moisture content. However the most 
likely explanation for this increase is net subsurface inflow 
from the higher sites, such as sites 1 and 2. it is there- 
fore probable that this site experienced less evapotranspiration 
than is indicated. | 

The application of the above research to the present 
study area is limited by the relatively low volumetric soil 
moisture contents at the sites, This is in contrast to the 
very moist, dominantly organic, soils with 100 percent ground 
vegetation cover investigated in the present study. Also 
the level of summer precipitation in the present study area 
is significantly less than that for the Hudson Bay Lowland, 
As will be shown later the level of summer precipitation tends 
to be closely correlated with the level of evapotranspiration 


from sites with extensive hygroscopic vegetation cover and 
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where drainage is poor. 

Ahrnsbrak (1968) has conducted a study of the summer- 
time radiation balance and energy budget in the central 
part of the Keewatin, N.W.T, (Fig. 3-1). “All his sites were 
vegetated with a lichen mat several centimetres thick. 

The soil at each site was largely sand although one site was 
more gravelly and also very wet. The results were that 
during the summer net radiation is nearly balanced by 
sensible heat transfer. During July Ahrnsbrak estimated 
that the soil heat flux into the soil accounted for approx- 
imately 15 percent of the energy budget but that by August 
it becomes negligible. During the entire season the trans- 
fer of latent heat over the surfaces studied was seen to be 
very small. 

Ahrnsbrak acknowledged that the very small values for 
tie, tramcier of latent heat to the atmosphere in his study 
area, one of much open water, seemed paradoxical. However 
he demonstrated that crude water balance considerations 
also indicated this component would be very small in value. 
He noted the annual precipitation for the area to be less 
than 20 ems. and assumed no runoff to occur, Therefore 
annual evaporation could be taken as 20 ems. and, "if all 
this were to take place during the three summer months in 


the region this would imply slightly over one mm of 


* Jt would appear that Ahrnsbrak's figure for evaporation per 
day should be two mm instead of one mm, The effect of 

this error is probably counteracted however by rejecting 
the assumption that no runoff occurs, Approximately ten 
ems. of runoff may be estimated for this region from 

Figure 2, p 84, in Hare and Hay (1970). 
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evaporation per day, or 60 langleys per day, or less than 
20 percent of the net radiation. This however is an average 
value for all surfaces. In actuality most of the 
evaporation is probably taking place over the lakes and other 
standing water, and evaporation over the relatively drier 
land surfaces is most likely much less " (<Ah@nsbrak, 1968,p15). 

Evaporation through moss covers in arctic & subarctic 
regions has not been studied very widely. Ground energy 
exchange studies at permafrost sites at Norman Wells N.W.T., 
conducted by Brown (1961, 1966), produced some initial 
information on this parameter, His study is particularly 
important for illustrating differences in evapotranspiration 
between a temperate latitude grass species introduced at 
Norman Wells and indigenous vegetation such as moss, lichen 
and sedge. 

Sanderson (1950) installed Thoomthwaite type evapo- 
transpirometers at Norman Wells partly to test validity 
of Thornthwaite's empirical method for computing P.E. for 
high latitude sites. <A critical factor however was that the 
tanks were sown with an exotic vegetation species, Kentucky 
Bluegrass, This factor is mainly responsible for the 
Satisfactory performance of the Thornthwaite formula in 
computing a P.H, value which closely corresponded with that 
measured at the evapotranspirometers.,. 

During the summers of 1959 and 1960 Brown (1961 ,1965) 
conducted further P.E. investigations at the Norman Wells 


evapotranspirometers site. in addition however he also 
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investigated P.E, at four other sites which included the 
various types of vegetation growing naturally in the region: 
sedge; sparsely forested moss cover; open moss cover, and 
open lichen cover. At the latter sites Brown used less 
sophisticated oil drum and juice can evapotranspirometers. 
Piieec necessitated periodic sprinkling of water in excess 
of the anticipated P.E. onto their surfaces, It is not 
clear whether an attempt was made to obviate the oasis 
effect at these sites by also sprinkling water on areas 
surrounding the tanks. 

The main period of investigation extended from June 30 
to September 17, 1960. (80 days inclusive). The oil drum 
instruments were considered to probably give the more 
realistic P.E. values by comparison with the smaller 
containers because of their larger surface area, greater 
depth *and decreased rim effect. Results from the study are 
reproduced in Table 3-2, 

From the results Brown concluded that P.E. rates were 
significantly higher through the Kentucky Bluegrass at the 
Thornthwaite site compared with the P.H, rate at the other 
sites. The disregard in using the Thornthwaite formula of 
different plant types seemed to Brown to be an objection 
particularly for northern areas where moss and lichens grow 
widely. He noted that Sphagnum and other mosses are strongly 
hygroscopic and possess an ability to lose moisture rapidly 


and in large quantities when wet, lHlsewhere, Brown (1966, p2l) 
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has written: "Sphagnum especially, and to a lesser degree 
true mosses, tend to absorb and raise water in the manner 
of a lamp wick". Regarding the lichen, Brown observed 

that it was not certain whether the transfer of water vapour 
from the wet basal layer to the atmosphere above the lichen 
takes place by evaporation or merely by diffusion exchange. 
The area of vegetative surface per unit ground area of moss 
and lichens was also mentioned by Brown as being possibly 
very different trom that for higher plants (1965,p20). 

Brown strongly questioned the reliability of sprinkling 
water on the tanks in maintaining moisture conditions at 
field capacity. He noted that this practice changed the 
climate of the vegetation under test and altered the natural 
moisture regime. In addition the use of very small test 
plots such as oil drums for measuring P.E. because the edge 
effect is so pronounced that it probably changes the evapo- 
transpiration. In view of these questions it may be 
appreciated that actual evapotranspiration from the sites 
would probably have been significantly lower than the values 
presented in Table 3-2, 

The precipitation values in Table 3-2 appear to be 
significantly higher than those normally encountered for 
the game period in the present study area, It is surprising 
that greater evapotranspiration was not associated with 
this high level of precipitation, It must be assumed that 
the bulk of the precipitation fell as very heavy rainstorms, 


much in excess of the storage capacity of the top moss cover 
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and with heavy infiltration, An associated possibility is 
that the evapotranspirometers provided excessively well- 
drained conditions. Under natural conditions it is probable 
that the bulk of the precipitation would be held in the 
moss or top soil layers for evaporation when drying conditions 
returned. Conclusions derived from Brown's results must 
therefore be attached to reservations about their validity. 
Several instances may be noted in the literature where 
attempts have been made to relate the occurrence of a high 
permafrost table to high evaporation or evapotranspiration 
rates through the moss or lichen covers, Tyrtikov (1959) 
has reviewed the position of "the majority of geocryologists, 
who, "following M.I. Sumgin, postulated that moss is a 
strong cooling agent of the soil, mainly because of the fact 
that it evaporates a large quantity of water and therefore 
strongly minimises the amount of heat which can go to warm 
the soil " (Tyrtikov, 1959, p5). Tyrtikov stated that not 
one single experiment had been furnished to confirm this 
suggestion. He pointed to apparent limitations to evaporation 
from sphagnum moss covers suggested by Myshkovskaya 
(in Tyrtikov, 1959). Her observations showed that the most 
hygroscopic sphagnum mosses were not only capable of evaporating 
moisture but also of maintaining moisture at other times in 
opposition to conditions favouring evaporation, The low 
thermal conductivity of the dry layer of the moss apparently 
has an important effect in retarding warming of the soil. 


Brown (1966, p 21) has also mentioned the possibility 
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that the high permafrost table under true moss, sphagnum 
and lichen may be caused in part by high evaporation rates 
that prevent large quantities of heat from entering the 
ground. However his observations at Norman Wells showed 
that rates of water loss from moss, lichen and sedge were 
lower than that through the bluegrass site discounting the 
likelihood that high permafrost tables were associated with 
high evaporation rates. Pihlainen (1963, p 26) has also 
suggested that moss and lichen covers may be able to protect 
the underlying soil against heat gain, "more by an insulating 
or albedo effect, rather than by an evaporative cooling effect." 
Myshkovskaya (1913, in Tyrtikov, 1959) obtained 
evaporation values for different species of moss and also 
lichen, No mention is made of the method used to obtain 
the results which are reproduced in Table 3-3. 
TABLE 3-3 
APPROXIMATE AVERAGE EVAPORATION OVER 


THREE SUMMER MONTHS; BOMNAK, USSR. 


Forest 
Vegetation Poly- Sphagnum sSphag,. Poly- Lichen 
cover trichunm and Poly-= trichum 
trichum 
Evaporation 5 10 8 10 55 


rate 
(ems. /month) 
Source: Myshkovskaya, 1913 (in Tyrtikor, 1959, P 27). 
The table indicates that various vegetation associations 
evaporate varying quantities of water and that even the same 


cover evaporates about twice as much in an open area as ina 
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forested area. In view of the doubt over the methods 
employed it is perhaps best to interpret Table 3-3 as 
indicating relative variations rather than absolute levels 
of evaporation. Bomnak Station (55°N, 130°) is located 

in Eastern Siberia about 250 miles inland from the Sea of 
Okhotsk. It lies within the discontinuous permafrost gone 
and its climate is classified as D.w.c. on the Koppen-Geiger 
System (Strahler, 1969, Plate 2). It has thus a rather 
similar summer climate to that experienced in the present 
study area except that it is perhaps slightly wetter. 

A Russian group has more recently studied surface and 
internal evaporation from and in thighmoor bogs' at Lammin- 
Suo station’ in the Vyborg district of Leningrad Province of 
the U.S.S.k., close to the most southern part of the border 
with Finland (Belotserkovskaya et al, 1969). The methods 
involved detailed heat and moisture balance monitoring. The 
microsites studied were a pool and a string bog ridge which 
rose on average about 26 cms. above the pool. 

A dense cover of moss (various Sphagnum species) vegetated 


the ridges in addition to some well-developed shrubs, and a 


* Lammin-Suo bog station lies at about 61°N, 28°R, Its 
climate is classified as D.j.b. on the Koppen-Geiger System 
and is thus roughly similar to that for Northern Alberta. 
During the growing season the normal evaporation for 
high moor bogs in this region is about 30 cms (Bavina, 
WSO7 Ap S69) 
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few small pine trees, Cotton grass and cloudberry pre- 
dominated in the grass story. In the pools a moss grass 
cover was present. The moisture content by weight in the 
top 35 cms. of the peat at both sites averaged about 90-95 
percent. The ground water table during the summer averaged 
40-45 em, below the surface on the ridge and 20 cm. at the 
pool. The results are reproduced in Table 3-4, 

By way of interpretation the group noted that during 
the relatively wet conditions in July 1963 evaporation from 
the pool areas was significantly higher than that from the 
ridges. During the dry July of 1964 there was little 
difference between the sites in terms of evaporation, and in 
one decade evaporation from the ridge was greater than from 
the pool. This latter pattern was explained by reference 
to the ground water levels in the pools dropping to below 
25 cm. At this point the moisture content by volume of the 
moss is only 23 percent and does not exceed the intracellular 
moisture capacity. Under these conditions the light 
coloured mosses of the pools have a much higher albedo (of 
about 27 percent) than the relatively dark vegetation of 
the ridges where the albedo is 17-19 percent (p 557). 

The group also monitored internal evaporation and 
condensation patterns between three surface Layers at the 


sites. It was found that for the observed ground water 
levels that from 80-100 percent of total evaporation could 


be ascribed primarily to the transpiration of the bog 
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vascular plants and that net internal evaporation from the 
surface played an insignificant role in the total evaporation 
process. Since the precise methods involved in this 

research are not detailed in the paper it is probably 

wise to view the results with some skepticism, As later 
interpretation will indicate however a good modicum of 
consistency may be attributed to the results. 

The vascular flora present in arctic and subarctic 
regions experiences growth restrictions which can often be 
traced to permafrost conditions, Tyrtikov (1959, p 15) 
has summarised the two main influences of permafrost on 
vegetation as: a) Impeding the warming of the soil during 
the growing period to the extent that the temperature of 
the root zone is considerably below optimal. b) "Swampifying" 
of the soil leading to a decline in aeration and an impoverish- 
ment of nutritive substances, (Tyrtikov is apparently 
generalizing only for high moisture content sites, (eg. 
bogs), affected by permafrost and not for drier sites affected 
by permafrost). 

The low temperature of the soils over permafrost had 
been thought to cause physiological drought, i.e. retardation 
of the absorption of water by the roots so much that they 
cannot satisfy the requirement of the above ground organs 
of the plants which leads to their destruction. Tyrtikov 


points out however that certain experimental investigations 


are not in agreement with this theory. (Dadykin 1954). 
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These investigations have associated the low temperatures 
with a retardation of the rate of biochemical reactions and 
in particular of reactions of the synthesis of albumens and 
amino acids which occurs in the roots and without which 
iiwine celis .can not be.built. 

Tyrtikov (p 16) notes that the aeration and nutritive 
deficiencies associated with soils over permafrost also 
weaken the development of plant root systems, but he adds 
that this whole aspect has been barely studied. The operation 
of the transpiration process through plants growing in 
conditions influenced by the presence of permafrost does not 
appear to be well understood other than general statements 
to the effect that permafrost weakens the development of 
life activity of the subsurface and above ground organs of 
the plants (Tyrtikov, 1959, p 23). <A recent review by 
Bliss (1971) does not record any significant advances in 
this area up to 1971. 

Trees and shrubs constitute an important part of the 
vegetation communities in the present study area, It was 
not possible to undertake field research to establish 
transpiration rates through these plants. The following 
brief literature review indicates possible patterns. 

Hare (1966, p 10) postulated that the scattered trees 


and shrubs in the woodland zone of Labrador-Ungava suffer 


excessive transpiration due to their exposed position 
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enabling them to acquire extra energy by advection. He 
has noted abundant signs of dessication in the trees and 
shrubs,even in moist areas. No measurements exist to 
verify Hare's contention, The association of abundant 
dessication evidence and moist conditions could be used as 
an argument for restricted, rather than excessive, 
transpiration through the trees. See later references to 
Bliss (1960) and Warren Wilson (1957, 1959). 

Fraser (1956) has pointed to several influences 
attributable to the lichen covers that may be limiting rather 
than encouraging transpiration from trees and shrubs. 
Almost all the tree roots were observed by Fraser to be 
confined to the basal layers of lichen or the underlying 
peat which in turn was observed to remain at or near fiela 
capacity for the duration of the summer season. Low 
temperatures and very poor aeration characterised these 
soil layers indicating, according to Fraser, the possibility 
of physiological drought. Fraser also suggested that acids 
produced by the lichens, and which are nearly insoluble 
in water, could possibly be toxic to other plants, This 
factor could also contribute to a reduction of the rate of 
absorption of soil moisture by the tree roots. 

Bliss (1960) has reported a study on the transpiration 
rates of arctic shrubs which appears to be very relevant to 
the present discussion, It was noted that although the 
shrubs are somewhat protected their relatively large 


transpiration surface is in. contrast to the much smaller 
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leaf surface of the low grasses, sedges, forbs and dwarf 
heath shrubs which dominate tundra regions (p 386) Rates 
were determined by the potometer method. Of particular 
interest here is transpiration through the arctic (rather 
than alpine) shrubs from Umiat, Alaska. The data obtained 
indicated that on a diurnalbasis there is a direct relation- 
ship with cloud cover and wind, when speeds are about 6 to 
8 mph. At wind speeds below 6 mph. the relationship with 
water loss was found to be direct. At the higher wind 
speeds it was concluded that the stomates undoubtedly 
closed, effectively reducing transpiration, MThese 
observations on wind effects support work by Warren Wilson 
(1957, 1959). He found that while evaporation rates around 
tundra plants were closely related to windspeed he believed 
that wind is more important in lowering leaf temperatures 
than in promoting excessive transpiration with a resultant 
water balance deficit within the plant. 

Bliss (1960) noted that the rates of water loss measured 
in his study seemed very low when compared with rates for 
temperate plants. Meyer and Anderson (1952) cite figures 
OLEOs > tO 26) cc/dm@/hr, for broad leaved plants of temperate 
regions under conditions favourable to stomatal transpiration 
The figures from Bliss's study ranged from 0.006 to 0.048 
cc/am*/nr, It is quite probable that such discrepancies 
are maintained for subarctic trees and shrubs compared 


with temperate species, though perhaps the differences may 
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not be quite so pronounced, omaller vascular plants 

may be expected to behave similarly since it was apparently 
Bliss's hypothesis that the greater leaf area of shrubs 
would favour significant transpiration rates in contrast 

to the smaller plants, 

Mather and Thornthwaite (1956, 1958) have reported on 
heat and moisture balance.studies at Point Barrow, Alaska 
from 1956-1958. Measurements were made mainly at a level, 
Llowlying area with low centered polygons. The only mention 
of vegetation characteristics at the site was that is was 
"'srassy', (1956, p9), suggesting vascular rather than 
eryptogramic flora. It was concluded from the heat balance 
studies that: 

"The evaporative flux is about 40 percent of the 
net radiation. In mid latitude areas with moist 
soils approximately 80-90 percent of the net 
radiation is used in evaporation of water, It 

is felt that conditions approximating P.E. 

existed most of the time at Point Barrow yet only 
about 40 percent of the net radiation was 
utilized in the evaporation of water. We assume 
that the lower evaporation is related to the 
occurrence of permafrost. The reason for the 
different rate of utilization between mid-latitudes 
and the Arctic region needs to be investigated 
more fully " (Mather and Thornthwaite, 1958,p88). 

Juice can evapotranspirometer measurements were in ‘fair 
agreement! with computed evaporation flux for many individual 
daily comparisons (p80-81, 1958). Moisture levels in 
these cans were kept at field capacity by precipitation; or 
irrigation if drying conditions prevailed. In an experiment 


at another site (high centered frost polygons) two separate 


groups of small juice can evapotranspirometers were operated, 
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one group being watered periodically to ensure approxi- 
mation of P.E, conditions, while the other group received 
no water except from precipitation during the summer 
season. There was only a small difference (approximately 
12 percent) less from the unirrigated group between the 
measured evapotranspiration from the two groups. This was 
explained by reference to the fact that the precipitation 
was fairly well distributed throughout the season entailing 
only a slight difference in the moisture content between 
the two groups (1958, p 91). 

There were indications that there should be no great 
drying of the surface soil during the season and this was 
borne out by observations of generally moist conditions 
existing in the area during the summers, In addition it 
was noted that, in all three years of the study period, 
there was a virtual balance between the precipitation 
and the evapotranspiration during the summer period. (p 93). 

Mhe-Devyon island, N.W.T., 1.8.2. High Aretic. Eco- 
system project has resulted in some detailed heat and 
water balance studies pointing out microsite variations 
(Courtin 1972, Addison 1972; 1973). Some conclusions from 
research at a sedge meadow merit particular mention in 


the context of the present thesis. 
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It was found that the soil at the meadow community 
was saturated to the surface, and water lies in small 
Shallow pools for most of the growing season, In 
attempting to explain the relatively low evaporation rate 
from the Carex in such moist conditions Addison mentioned 
the shallow gradient of water vapour density between the 
air and leaves caused by the high relative humidity and 
low leaf temperature, (1973, p 47). He also noted that 
part of the explanation appeared to lie in the reduction 
of root permeability as a result of cold and poorly aerated 
soil. This would cause a limitation in the flow of water 
to the leaves, and contribute to low water potentials and 
stomatal closure (1973, p 82). 

For the moss microsite at the meadow Addison noted 
that since the bases of the moss stems are in water, water 
movement to aerial parts is possible by capillary action 
on the outside of the stems (1973, p 101). This process 
was held to account for the almost 50 percent of net 
radiation going into evaporative flux at this site. The 
free standing water site was noted as being the only site 
where latent heat flux was the major component of net 
radiation, The observations at the meadow community 
generally indicated very inefficient operation of the 
evaporation process, 

Other arctic studies which may help to establish 


trends are those by Vowinckel (1966) and Ohmura (1972). 
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Vowinckel (1966) has shown that the July energy budget at 
Resolute Bay N.W,T. is one in which the net radiation 

is nearly balanced by the storage term, with the transfer 
of sensible and latent heat accounting for only 10 percent 
of the energy budget. By August however the sign of the 
Storage term reverses and heat exchange with the atmosphere 
is balanced by net radiation and heat from the soil. The 
transfer of latent heat to the atmosphere appears to be 
very small for Resolute. No mention is made of the measure~- 
ment site's characteristics. 

Ohmura (1972) has reported on another heat and water 
balance study on arctic tundra on Axel Heiberg Island. 
Again no mention is made of the surface characteristics 
of the measurement sites though it may be inferred that at 
least some vascular flora was present since the term 
‘evapotranspiration' is employed. The study involved heat 
balance measurements which allowed solution of the heat 
balance (Bowen ratio) equation for evapotranspiration, and 
also lysimeters to measure this component more directly. 
The latent heat fluxes obtained by both methods were"in 
very good agreement", (p 175). 

For five two-week periods from June-Aug. 1970 the 
measured heat balance indicated that the evapotranspiration 
component comprised on average 27 percent of the net 
radiation, the range being from 12-39 percent. The Bowen 


ratio varied from 1.2 to 6.0 for the five study periods 
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and averaged 2.5 over the whole period, The evapotrée:s= 
piration measured at the lysimeters for the period July 5 - 
August 23rd totalled 4.3 cms. Precipitation was 7.6 cms. 

Rouse (1973) has published data on the daytime energy 
balance of three surface types characteristic of the Hudson 
Bay Lowlands a clear day in July 1972. His data are 
reproduced in Table 3-5. 

TABLE 3-5 
DAYTIME ENERGY BALANCE TOTALS, JULY 4, 1972, 
HUDSON BAY LOWLANDS. (cal. em*) 


Net Ground Latent Heat Sensible Bowen 
Radiation Liax Flux Heat Flux Ratio 
Upland ar) Se 559.8 164.6 eL2,0 1429 
Ridge 
Lowland 488,7 AO od. 324,9 Lovee 0.38 
Swamp 
Lake ba2s | 267.9 198.6 46%2 0638 


Source: Rouse (1973) 


For the land surfaces the lowland wet site (muskeg/bog) 
evaporated twice as much water as the upland ridge (lichen- 
dominated). Evaporation is not particularly efficient for 
any of these surfaces, including the lake, in terms of the 
available radiant energy. Albedo is partly responsible 
for the differences in evaporation from these surfaces 


and this factor will now be considered in more detail. 
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ALBEDO: 

Pioneer work into the determination of albedo patterns 
over subarctic surfaces has been carried out by Davies 
(1962). Airborne albedo measurements were made during the 
summer of 1961 in Central Labrador-Ungava. Representative 
values of albedo for the main summer cover types are 
presented in Table 3-6, Davies noted no considerable 
variance of albedo between cover types attributing this 
partly to the generalised albedo sensed by the instruments 
used and partly to the prevailing drabness of the landscape 
which is brightened only by lichen in open woodland and 
tundra expanses, (p 39). 

Davies attributed the relatively high albedo of the 
tundra to its smooth surface, dryness and unconcealed 
growth of lichen. The relatively high albedo of the burns 
seems a little surprising since lichen is absent and the 
surface is notably rough and grey in overall appearance. 
It was pointed out however that the spruce trees, stripped 
of their bark, reflect strongly and are particularly 
noticeable under direct sunlight. Also, many dead trees 
litter the ground providing good reflecting surfaces for 
radiation incident upon them, 

Open woodland, including extensive Lichen surfaces, 
had been ascribed fairly high albedos in the literature 
prior to Davies' findings and those of Jackson(1959). 

(See review of Nebiker and Orvig, 1958), Measurements 


indicated that the brightness of the cover type had been 
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overemphasised, Ground measurements over the lichen cover 
did however produce relatively high albedos in the range 
15-20 percent (p45). The great range tabled for this 
category is due to the presence of areas of bare rock, 
varying densities of ground shrubs and a wide range of 
tree spacing. (7 percent albedo refers to a vegetation 
condition where all lichen is obscured by a shrub layer, 
and 20 percent refers to the sparsest open woodland), 

The albedo measurements for bog and muskeg indicated 
fairly high values bearing in mind the saturated condition 
of this type. However Davies noted that water was seldom 
present above the vegetation surface and was thus not 
visible from the air. He affirmed that the bog-and muskeg 
were essentially vegetation surfaces. 

Ground measurements of albedo were undertaken over a 
water-logged sedge meadow and a value of 16.2 percent was 
obtained. Davies (1962, p77) took this to support his 
hypothesis that although a relatively continuous water 
layer covered the peat and grass root surface layer of a 
bog, the strong grass growth shaded it, thus the effect of 
water content on albedo was not very large. 


Rouse (1973) has published a diagram relating albedo 


and solar time for the surfaces covered in Table 3~5- 
(Figure 3-2), 

Wet swampy areas can be seen to take on more the albedo 
characteristics of open vatech then of the drier land 


surfaces. The pronounced variation of albedo with solar 
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FIGURE 3-2. ALBEDO OF DIFFERENT TERRAIN TYPES. 


Hudson Bay Coastline. (Lat.56° N) 


Source: Rouse (1973) 
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time is to be noted for the lake surfaces, This variation 
renders a mean value for this surface as somewhat meaningless, 
It is probable that in more northerly latitudes the curves 
will take on a more accentuated pattern, 

The most direct expression of albedo differences 
lies in net radiation values. Rouse (1973) found that 
net radiation varied in the proportions 100:90:76 from the 
lake to the swamp to the ridge. 

In the course of Brown's study some crude spot measure- 
ments of net radiation were made during August and September 
1959 (Brown 1965,p 22). A general qualitative pattern 
was evident. Net radiation values for lichen were the 
lowest on clear days but not on partly cloudy or overcast 
days when differences in net radiation from one plant type 
to another were small. It was noted however that net 
radiation values for sedge which is also a light coloured 
plant were much higher than for the lichen, (disputing 
Davies' findings somewhat), on clear days and higher than 
the darker coloured plants such as grass and moss. Net 
radiation through Sphagnum and other mosses was highest on 
clear days and on certain overcast days. 

Brown noted that despite the apparent differences in 
net radiation through moss and lichen these plants main- 
tained the permafrost table at about the same level in a 
given area and near surface ground temperatures were 
similar under both plant types: "Consequently, if lichen 


rejects a higher proportion of the net radiative flux than 
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moss this may be compensated by the moss rejecting a 
higher proportion than the lichen of some other component 


of the energy exchange " (Brown 1965, p 22). 


GROUND HEAT FLUX 

It is a common practice in most energy budget studies 
to assume that ground heat flux accounts for an almost 
negligible proportion of the net radiation flux by comparison 
with thessensible and evaporative heat fluxes. However, 
the detailed mechanism of heat and mass transport in 
organic soils overlying mineral soils:and/or within the 
active layer of permafrost is poorly understood (Nakano 
and Brown, 1972, p 20). . Therefore it is possible that the 
assumption of negligible ground heat flux, although 
apparently valid for the relatively dry mineral soils 
typical of mid-latitudes, may be invalid for the extensive 
peatlands which, as Brown and Williams (1972, p 3) have 
pointed out, attain their optimum development in the dis- 
continuous permafrost zone, 

It was not possible in the present study to obtain 
accurate values of the ground heat flux owing to the lack 
of the necessary sophisticated flux metering instrumentation, 
Some limited information on the parameter may be deduced 
from studies of active layer development at permafrost sites 
and this is reported later; however the major source of 
ground heat flux information in this thesis will be the 


following literature review. 
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Ahrnsbrak (1968) assumed that the storage of heat 
in the soil above the permafrost would be negligible 
compared to the heat necessary to melt the permafrost. 
However, on the basis of laboratory determination of the 
water content of permafrost samples (30+ 5 percent by 
volume) and the depth of permafrost below the ground (35- 
85 cem.), he decided that heat storage in the soil above 
the permafrost Was not negligible, After some crude 
calculations Ahrnsbrak determined that for his wettest 
site the ground heat flux could be much larger than 
originally expected and account for almost 30 percent of 
the available net radiation. He was unable to take any 
samples of the permafrost at this site since any hole dug 
in an attempt to do so immediately filled up with water. 
It may be assumed therefore that the moisture content at 
this site was greater than the value obtained for the 
drier sites noted above. However since the wet site was 
composed of gravelly sand it is unlikely that Ahrnsbrak's 
wet site is comparable with the very high volumetric moisture 
contents associated with the sites investigated in the 
present study. The inference to be drawn from the study by 
Ahrnsbrak is that heat storage may account for a significant 
portion of the available net radiation, perhaps attaining 
30 percent, though it is possible thai the strong insulating 
properties of dried out moss may make this unrealistic 
during the late summer period, 


Brown and Williams (1972) have presented some data on 
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ground heat flow through Sphagnum covers at Thompson, 
Manitoba, which is situated similarly to Baker Creek basin 
in the middle of the discontinuous permafrost zone. The 
data were obtained using soil heat flux meters and although 
doubts are expressed as to their accuracy the results given 
appeared to be consistent with changes in the depth of the 
permafrost table during the period. At a site with a 
relatively thick Sphagnum and peat horizon, (35 cm.), and 
underlain by permafrost the mean summer ground heat flow 
averaged over two summers, (June-September inclusive; 
1970,1971), was just over 2000: cals. cm.~°, Over the 

same period at another site where the Sphagnum/peat layer 
was only 20 cm, deep the ground heat flow averaged just 

over 1600 cals. om.7*, Unfortunately net radiation 
measurements are not available thus precluding an assessment 
of the importance of these fluxes in terms of the total 
energy balance, It is interesting however, in anticipating 
the interpretation of the present study active layer 
development results, to note the detailed explanation given 
for the difference in flux between the two sites which 

had similar exposure and soil conditions. It was assumed 
that evaporation was almost similar at both sites since 
although one site is saturated the Sphagnum at the unsaturated 
site "acts as a wick providing ample water to the surface" | 
(p19). Brown and Williams suggested that ponding of water 
at the large ground heat CicusecEe affected the surface 


heat balance sufficiently to cause significant changes in 
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total heat gained at the site. 

The microclimate studies conducted at Point Barrow 
(Mather and Thornthwaite, 1958) resulted in some data on 
the relative importance of ground heat flux in an arctic 
energy balance. According to Nakano and Brown (1972) 
the thickness of the organic layer of the tundra soils at 
Barrow varies in the range of about 2-10 cm. before mineral 
soil is encountered. Monthly estimates of average daily 
heat balance data during the 1958 summer season when data 
were considered to be more accurate indicated that the 
proportion of net radiation used by ground heat flux was 
15 percent, 13 percent, and 20 percent for June, July and 
August respectively (p 84). 

Other data reported by Mather and Thornthwaite (1958, 
p 77) refer to the actual individual days of heat balance 
forering. Gill (1971, p 507) has calculated from these 
that 24 percent of the net radiation is consumed by ground 
heat flux on average during the main summer period, It 
may also be noted that in Gill's own study in the Mackenzie 
Delta he found that soil heat flux in the lower level of 
spruce stands during midsummer was about 27 percent of net 
radiation, 

Addison (1972, 1973) has reported that ground heat 
flux through the sedge meadow site at Devon Island ranged 
from about 8-12 percent at midsummer for saturated conditions. 
Rouse (1973) has reported results for the Hudson Bay Lowlands 


at a lowland swampsite. This single day study indicated 
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ground heat flux to be about 8 percent of net radiation, 
However Rouse also found that between mid-June and mid-~ 
August, 1972, the active layer beneath this site melted 
to an average depth of 35 cm. He noted that this process 
utilised in excess of 1500 cals. om,7* of energy and was 
thus, "an important element in the heat storage of the 
subsurface layer" (Rouse 1973). 

From this short review it would appear that ground 
heat flux constitutes a very variable percentage of net 
radiation, Some possible patterns may be identified 
however. It is likely to constitute a small proportion of 
the net radiation when sites are saturated to the surface 
but where the organic layer is relatively thin and under- 
lain by a mineral soil where volume moisture contents are 
low. Where the organic layer is thick, moisture contents 
will be high especially if permafrost impedes drainage, 
The large amount of ice in the moss will require more 
energy for its melting. The water will also act as a 
reservoir of heat in the manner of a lake, If the surface 
is well insulated by a dried out moss cover for much of 
the summer the heat penetrating the cover may be low but 
the moss will also act to encourage storage of this heat 
in the manner of the greenhouse effect. If only part of 
the summeris considered which happens to be a period 
dominated by melting and warming in the ground it may be 
appreciated that ground heat flux could attain a significant 


proportion of the net radiation for this particular period. 
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LAKE EVAPORATION 

Evaporation from lakes in Canada's North has received 
very little research attention and literature on the topic 
is scanty. This is regrettable when it is realised that 
lakes comprise a significant proportion of the total 
surface area in many parts of the North and hence constitute 
an important element in the water balance, 

semi-empirical estimates of free water evaporation in 
the study area may be extrapolated from nation-wide studies 
by Ferguson, O'Neill and Cork (1970) and Bruce and Weisman 
(1967). The monthly and total values for the study area as 
extrapolated from these studies is presented in Table 3-7. 
The estimates apply to free water surfaces with no heat 
storage effects and no advected energy influences, Because 
of the increased heat storage effect larger lakes can be 
expected to have somewhat less evaporation losses, The 
estimates were derived primarily from Class A evaporation 
Pan data. The concept at the root of the use of such 
pans for estimating natural evaporation has been criticised 
for being unsound physically (Thornthwaite and Hare, 1965). 
Allowance has to be gauged for additional heat for evaporation 
being supplied through the bottom and sides of the pan, 
Also the pan's rim creates unnatural turbulence effect. 
The most serious objection to the instrument however seems 
to be its approximation of 'mid-desert'! conditions rather 
than the more desirable 'mid-ocean' state which would be 


partly met by locating the pan on a natural lake surface. 
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Present site controls on the pan network operation probably 
favour advective energy increasing evaporation to levels 
above that occurring naturally. 

Ferguson, O'Neill and Cork (1970) note that in their 
‘northern! zone, which includes the present study area, 
"lake evaporation estimates must be viewed with some 
skepticism owing to the extreme paucity of evaporation 
measurements" (p 1629), The estimates are however the 
best available, incorporating several improvements over 
the earlier provisional maps produced by Bruce and Weisman 
(1967). The most notable improvement is the allowance for 
break-up and freeze-up influences. This improvement, in 
the study area at least, has tended to cause changes in 
the monthly evaporation regime rather than the annual total. 

The more recent study involved the analysis of twice 
as many Class A pan data as the former study and additional 
climatic, (mainly sunshine), data. Four years of Class A 
pan data from Yellowknife Airport were used in the study; 
however on comparing the available pan data and the estimated 
values it appears that little attention was given to the 
existing records. The total values estimated tend to be 
well below those which may be taken off the available 
records. (Table 5-5). Some indication of the lake 
evaporation patterns in the present study area may be 
gleaned from a recent study of the surface water temperature 


and evaporation regimes of selected lakes in Northern 
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Ontario (Richards and Webb, 1971). ‘This study involved 
sensing of lake surface temperatures by an airborne infra- 
red-thermometer. Twenty-three surveys were completed in 
four years between break-up and freeze-—up periods, Although 
a total of 35 lakes were monitored, only seven occur in 

the northern portion of the study area which is considered 
to be most similar to the present study area in terms of 
general climate and physiography. The general location 

of the seven northern lakes is between 52—54°N, 85-90°W 
(Fig. 3-1). The mean surface water temperatures by month 
and estimated mean monthly evaporation, including estimated 
annual totals, are presented in Table 3—~3., 

The monthly evaporation was estimated from a mass transfer 
equation developed in the Lake Hefner and Lake Meade 
Studies: 

EB =£0,.0024 Ge. ~ Bae V where & is evaporation 


in inches per day; e. is saturation pressure in inches of 


S 


mercury at the surface water temperature; e is the vapour 


ae 
pressure in inches of mercury, (obtained from climatotogical 
data); V is wind speed in miles per day, (obtained from 
climatological data, The annual evaporation totals in- 
corporate a subjectively estimated amount, made by this 
researcher, for early or late season evaporation. 


It may be observed that the larger lakes (Big Trout 


and Mississa)average about 10 inches annual evaporation 
while the smaller lakes average about 13 to 14 inches. 


The latter range corresponds very well with the estimate 
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of annual free water evaporation published for the area by 
Perguson et al, (1970), which in turn is very similar to 
that mapped for the present study area (Ferguson et al, 
1970, p 1626) (See Figure 3-1 for positioning of mean 
annual evaporation isolines). 

Despite these correspondences the limitations of the 
Northern Ontario study should be noted. The monthly means 
were calculated on the basis of a very small number of 
surveys--a total of 23 in four years, Other research in 
the same region, reporptedglater in this; section, indicates 
large fluctuations in lake temperatures from day to day 
and this characteristic would tend to subtract further 
from the accuracy of the results. The reliability of the 
equation used for calculating evaporation has not been 
proven experimentally for northern regions, and in addition 
it involves use of climatological data from stations which 
may be up to 100 miles distant from the lakes monitored, 

Specific influences on lake surface temperatures 
across Northern Ontario, Eastern Manitoba and the Keewatin 
have been documented in detail by Peterson (1965), McFadden 
(1965), Webb (1973) and Rouse (1973). 

Rouse (1973) includes some data on diurnal and daily 
temperature changes in a lake in the Hudson Bay Lowlands 
(Figure 3-3). It is evident that the lake undergoes a 
greater diurnal temperature change than the air above due 


to the strong absorption of solar radiation. At the same 
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FIGURE 3-3 COMPARISON OF AIR TEMPERATURES, HUDSON BAY COAST 
(LAT. 56° N) AND LAKE TEMPERATURES, SWAN LAKE. SUMMER 1972. 
Source: Rouse (1973) 
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time the day to day temperature changés in the lake are 
almost as great as for the atmosphere. This lake is the 
one referred to in Table 3-5. In terms of the radiation 
balance the lower albedo of the lake is re-inforced by a 
lesser long-wave radiation loss so that its net radiation 
is substantially greater than over either the swamp or 

the ridge. Rouse indicated that the evaporation from the 
lake could not be compared directly with that from the 
other two sites because so much heat went into storage 
during the daylight hours. The lake would continue to give 
up heat Meine whe night-time hours, much of it going into 
evaporation. Rouse found the energy budget of the lake 
interesting because the storage term was so large and 
responded to the advectional effects of warm and cold air 
masses as much as it did to radiational inputs. He noted 
the implication from Figure 3-3 is that there would have | 
been a number of periods when the lake was cooler than the 
air above, leading to a downward directed sensible heat 
flux. Such atmospheric advection appeared to be very 
important in contributing to the highly variable day to 
day behaviour of the lake, 

The freezing and thawing processes of lakes have been 
documented by Scott (1964) who studied the winter heat 
balance of many Wisconsin lakes, His conclusions are 
probably applicable to the present study area if accentuated 


_by an order of magnitude. In late autumn, Scott noted that 
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the lakes cooled rapidly by a transfer of sensible and 
latent heat to the atmosphere with the deep lakes losing 
heat more rapidly than the shallow lakes, and the temp- 
erature of the shallow lakes decreasing most rapidly. 

During this period Scott calculated an evaporative heat loss 
10% large lakes of approximately 0.5 cms./day. This value 
is probably too high to be applicable in the present study area, 

The wastage or ice melt period is characterised by both 
radiation gain and transfer of sensible and latent heat 
from the air to the ice. Once snow cover has disappeared 
from the ice surface an obvious greenhouse effect occurs, 
Roughly 60-75 percent of the effective solar radiation at 
ice surface is transmitted through the ice, is absorbed 
by, and heats the water. Conduction of heat from the water 
to the ice causes melting at the bottom of the ice and 
transfer of sensible and latent heat from the warmer air 
above results in wastage at the upper surface of the ice, 
The amount of heat available for melting the ice from below 
is a function of the size and depth of the lake, Radiation 
may account for approximately 25 percent of ice wastage from 
the lower surface in deep lakes and up to 50 percent of 
wastage in shallow lakes (Scott, 1964). 

The apparent importance of solar radiation input in 
contributing to rapid warming of the shallow lakes in 
particular appears to be dependent on the nature of the ice 
cover (Billello, 1968; Williams, 1969; Jones 1970). 

Billello (1968) has noted that solar radiation can 


contribute a substantial amount of heat to the water beneath 
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@n ice cover when the ice is clear. it this is not the case 
more than one half of the total incoming solar radiation is 
reflected from the snow and ice surface. Billello affirms 
that: "in any case most of the energy in the infra-red 
wavelength is absorbed in the surface layer. Most if not 
all of the energy absorbed is due to light scattering in 
snow-bubbly ice layers (Billello, 1968, p 754). 

In his study at Seneca Lake, northern Michigan, Billello 
observed that water temperatures underneath the ice cover in 
the shallow lake decreased substantially during the ice thaw 
period. Solar radiation appears to have had little heating 
effect by comparison with the cooling influence of snowmelt 
runoff penetrating below the lake ice cover, The decreased 
Gntivence of solar radiation in Billello's study is probably 
related to the fact that two-thirds of the lake ice cover 
was found to be bubbly. 

Williams (1969) found contrasting results for a similar 
study at White Lake near Ottawa. He observed that water 
temperatures under the ice cover increased substantially 
during the thaw period with temperatures as high as ie C 
being recorded, Calculations indicated that solar radiation 
penetrating the ice caused the relatively high observed 
temperatures. The ice on White Lake was essentially clear 
but had some air bubbles entrapped in the upper layers. 
Williams estimated that the extinction coefficient was in 
the range 0.01-0.02. He also constructed a diagram, from 
reports in the literature, relating ice thickness, percentage 


radiation penetrating the ice and extinction coefficients 
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(Figure 3-4). This shows that a large proportion of incoming 
solar radiation will penetrate clear ice of considerable 
thickness, whereas the amount penetrating bubbly ice or snow- 
covered ice may be almost negligible. 

White ice was found to be an important component of the 
ice lees in the Knob Lake area of Central Labrador—-Ungava 
(Jones, 1970, p 119). Jones felt that.it was likely to be a 
common element of all lake ice covers in subarctic regions 
generally. He noted that it directly encourages ice growth, 
The main controls of white ice growth appeared to be snowfall 
and high diurnal temperature ranges. In Canada such conditions 
are best fulfilled within the taiga section of the Subarctic, 
where precipitation is well-distributed and several months 
with below freezing temperatures exist. It is possible that 
in the present study area the much lower precipitation, in 
addition to local drifting patterns, will result in a less in- 
tense white ice development. White ice certainly appears to be 
a Significant element in the Knob Lake area. Hare and Hay 
(1971, p 88-9) have noted in this region that lake evaporation 
falls well short of that possible according to the net radiation 
input. This is explained by the influence of the snow covered 
(white ice protecting the lakes most effectively from intense 
season solar radiation. Fenn (1970) has provided further 
evidence of this effect in the same region from lake temperature 
profiles. The ratio of the energy used in small-—lake evap- 
oration to the net radiant income at Knob Lake is 0.60 whereas 


for the present study area it is 0.80 (Hare and Ray, only peo). 
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PERCENT RADIATION PENETRATING ICE 


FIGURE 3-4 PERCENT RADIATION PENETRATING 


ICE COVERS FOR DIFFERENT EXTINCTION COEFFICIENTS 


Source: Williams, (1969,p.1137) 
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Where early season lake surface temperatures may lag 
significantly behind air temperatures the possibility of 
condensation. onto lakes must be considered. The largest 
body of literature on this aspect in Canada relates to the 
Great Lakes (Richards and Irbe, 1969). Condensation gains 
are significant during spring and early summer for the 
Great Lakes. The slow warming of the large water bodies 
delays evaporation until late summer and early winter. 

Lake Superior, the northernmost lake, has later condensation 
and evaporation seasons due to its particularly slow warming 
pattern. 

Laycock suspects that condensation may be significant 
for the lakes in the present study area, particularly for 
the deeper lakes (Personal Communication, December 1971). 
Webb has commented on this possibility in the light of his 
northern Ontario study (Webb, Personal Communication, 

May 3rd, 1973). He points out that for a lake to gain 
moisture through condensation the advected air must have a 
dew point temperature which is warmer than that of the ice 
surface. For small, shallow lakes in Northern Ontario 

mean monthly surface temperatures were found to be warmer 
than the corresponding air temperatures. Since dew point 
temperatures are several degrees cooler than air temperatures, 
the occurrence of condensation would be infrequent, Webb 
notes however that for deeper lakes the frequency would be 
greater, particularly during the spring warming when these 


lakes would be cooler than nearby shallow ones. He has 
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compared mean water surface temperatures for Big Trout Lake 
and mean dew point temperatures from the Trout Lake weather 


station. (Table 3-9 ). 


TABLE 3-9 


COMPARISON OF MEAN WATER SURFACE TEMPERATURES 
AND MEAN DEW POINT TEMPERATURES, 
BIG TROUT LAKE, NORTHERN ONTARIO 


Jun July Aug. Sept. Jet. 
Dew Point . 6.1 fo 9.4 530 -0.6 
Temperature “C 
Surface water a2 L4ag 5 nh A Al 635 


temperature ae 
Source: Webb (Personal Communication, May 3rd, 1973). 


Webb commented: 


"These data indicate that condensation into this deep 
lake is most likely to occur in June. Even then the 
quantity of moisture which could be gained on these 
occasions would be limited by the temperature inversion 
which must exist over the lake. For these reasons it 
if felt that the potential moisture gain by this lake 
from condensation could be neglected in any water 
balance computations for this region. I feel the same 
conclusion would apply in the Yellowknife area", 


It may be added that Big Trout Lake is very much larger and 
probably has a greater mean depth than the largest lake in 
the present study region, excepting of course Great Slave 
bake. 

An estimate of lake evaporation patterns in the present 
study has been provided by Kakela (1969, p 235-6), for 


Pocket Lake. His mean annual water balance for this site 
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reduced to an input of 12.45 inches precipitation, 15.04 
inches evaporation,and the lake level was maintained by 
2.59 inches of riparian runoff into the lake from the | 
adjacent land surfaces, A slight loss of snow from the 
lake surface by drifting was included in his winter site- 
seasonal water balance equation, Kakela believed the lake 
surface to be slow to heat in spring because of the initial 
need to melt the lake ice and the low elevation of the sun 
in spring causing a high proportion of the incoming solar 
radiation to be reflected from the water surface. This led 
Kakela to lower the spring season P.E. estimate for the lake 
by comparison with most of the land surface sites, Kakela 
also felt that the lower spring rates of P.E. were not 
compensated for during the summer months but that the air 
layer over deep lakes, (eg Pocket Lake), tended to have a 
Slightly cooler thermal regime than adjacent land surfaces. 
This he felt would be mainly caused by the ‘marine! effect 
of the deep water bodies and the short summer heating period 
inthe Yellowknife area. Asa result he reduced the mean 
annual potential evaporation by 1.5 inches by comparison 
with the P.E. used for land surface equations (Kakela 
1969, p 236). Kakela makes no mention of the thickness and 
nature of the ice cover on the lake. ‘This would seem to be 
a useful area for future study in view of the previous 
comments on the interrelationships between ice cover 
characteristics, solar maavayi on receipt, and early season 


warming patterns. 
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BASIN-SCALE EVAPOTRANSPIRATION 

In the absence of measured values, working estimates 
of evapotranspiration may be derived from empirical models, 
net radiation or free water evaporation considerations, or 
from climatonomic analyses. | 

The most widely applied empirical water balance model 
is that developed by Thornthwaite (Thornthwaite 1948; 
Thornthwaite and Mather 1955; 1957). Numerous successful 
applications of Thornthwaite's model have been recorded for 
a variety of mid-latitude locations, mainly in North America 
(Mather 1954). The unqualified applicability of the model 
in climatic environments outside the mid-latitudes was 
questioned from the outset (Thornthwaite, 1948, p88). 
These doubts seemed to have been removed for Northern Canada 
locations as a result of studies by Sanderson (1948a, 1948b, 
1950). However these indications of early support for the 
unadjusted Thornthwaite model have been undermined since as 
a result of intensive experimental investigations considering 
indigenous vegetation, and also through comparative studies 
of model<computed moisture surplus and the gauged runoff 
values that have become available for many northern river 
basins in the last few decades (Mather and Thornthwaite 
1956; 1958; Brown, 1961; 1965; Kakela 1969; 1973; Cavadias, 
1965; Hare 1955; Hare and Ritchie, 1972, p 354). 

Many of the criticisms of the model for northern areas 

become less serious when only the mean annual patterns are 


considered rather than monthly or daily patterns. Kakela 
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(1973) has shown that the major deficiencies of the model 
can be related to the questionable bookkeeping assumptions 
made in the procedures associated with the model. On an 
annual basis many of these deficiencies are removed. [In 
particular Kakela indicated that varying P.E. rates in an 
attempt to make them more representative of the latitude 
under consideration had virtually no effect on residual 
actual evapotranspiration and runoff values. There is 
therefore some justification for using mean annual values 
derived from this model as working estimates in the present 
study. 

Potential Evapotranspiration (P.E.) is the key concept 
in the Thornthwaite water balance model and has been defined 
as the water loss from .a moist soil tract completely covered 
by vegetation (without specifying the type), and large 
enough for oasis effects to be negligible (Thornthwaite and 
Hare 1965,p 168). Since moisture is not restricted, P.&. 
is limited solely by available energy. As long as moisture 
is abundant P.-E. is taken to depend primarily on meteoro- 
logical conditions with variations in natural vegetation and 
soil type having little influence on water losses. Com- 
putation of P.E, may be accomplished by knowing only the 
latitude and mean temperature of the location for which an 
estimate of the water balance is desired. The expression 
relating these factors is in effect a regression of evaporation 
from certain well-watered U.S, drainage basins and lysimeters 


upon monthly temperature. As a result of the Point Barrow, 
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Alaska, studies the validity of this regression for cal- 
culating P.E. for high latitude surfaces was questioned. 
Subsequent heat balance studies in northern areas have 
also indicated that the compartmentalization of the energy 
budget there differs from that assumed in the model. It 
is therefore in order to view the following P.E. estimates 
as probably requiring some downward adjustment. 

A critical factor in the Thornthwaite model affecting 
actual evapotranspiration and runoff values is the assumption 
related to soil moisture storage capacity. It is very difficult 
to estimate this value for northern areas. Kakela (1973) 
suggested that if measured discharge values are compared 
with calculated runoff values for a variety of different 
storage capacities it may be possible to obtain an estimate 
of mean storage capacity for the general area drained by 
the river for which measured runoff is known. He has 
provided a graph of such relationships for rivers in the 
present study region (Rakela, £975.) pelts THe 
reliability of this approach for estimating storage capacities 
depends to some extent upon the accuracy with which the 
Thornthwaite climatic water balance describes the actual 
hydrologic situation in the area, The relationship should 
therefore be used with caution for estimating representative 
average storage capacity values. 

The water balance predicted by the model assumes that 
the initial precipitation input is accurate. Many studies 


exist indicating the unlikelihood that this assumption is 
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valid for northern areas which receive large amounts of 
snow precipitation which is usually undermeasured (Wilson, 
1954; Hare and Hay, 1971; Findlay 1969). However this 
deficiency has to be faced in any attempt to define 
northern water balance patterns. 

Brandon (1965, p 7) computed monthly P.E, using the 
Thornthwaite method for Yellowknife, The results are 
presented in Table 3-10, 

TABLE 3-10 
AVERAGE MONTHLY P.E., 
YELLOWKNIFE AIRPORT 


May Jun Jil, Aug. sept. Year 


PyEyeGginches)iis6 Deh 4.8 239 ee Ogee 


source? “brandon: 965. "ply. 
M.E, Sanderson has contributed much of the effort in 
applying Thornthwaite's model to Canada. Recently she has 
summarised this work, (Sanderson, with Phillips, 1967; 
Sanderson 1969). She indicates that the water balance 
patterns mapped are based primarily on the water surplus 
data published in a C.W,. Thornthwaite Associates manual, 
(Mather, 1964). In addition however she used 1931-1960. 
climatic normals for 150 stations. Interestingly in the 


case of Yellowknife use of the latter aata resulted in an 
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18 year mean annual precipitation of 10 inches compared with 


the Thornthwaite namual normal of 8.4 inches (10 year mean). 


Gauged runoff data for the Yellowknife river was also 
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utilised in constructing the maps. A 21 year mean runoff 
of 2.8 inches was noted. 

some tentative estimates of the water balance parameters 
for the Baker Creek basin may be extrapolated from 
Sanderson's maps, Average annual P,E. for the basin is 
indicated as being almost centrally located within the 
11.22 to 16.83 inches class, Though the poor quality of 
the maps makes it difficult to definitely pinpoint surplus 
and deficit values for the area there are indications of 
avery limited surplus in the range of zero to two inches 
and a deficit in the range of four,to six inches. It 
may be of interest to note that for the headwater areas 
of the Yellowknife River a surplus of about four to eight 
inches is indicated. All these values relate to a soil 
moisture storage assumption of 12 inches. 

On the basis of Sanderson's (1969) estimates an 
approximate water balance equation for the Baker Creek 


area may be constructed as follows, 


2 GSA 0 JE oD), ite Sache SBS rg Ces 
(inches) 10 = (14 - 5) +1 +40 


It must be stressed that this equation is based on a strict 
interpretation of values directly extrapolated from rela- 
tively poor quality maps. This explains the discrepancy 
between the P.E, value selected here, (14 inches), and the 
value computed from Yellowknife Airport data, (16 inches), 


ae 
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Precipitation P.E. = Potential Evapotranspiration. 
Deficit S = Surplus S.C. = Storage Change. 
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used in the studies mentioned above. In spite of this 
discrepancy it was possible to obtain a water balance 
quite easily. The interpretation is presented here 
primarily because it is the closest P.E. - based estimate 
to the actual water balance that may be deduced from the 
present research for the vicinity of Yellowknife Airport. 

Laycock (1968) commented on the Sanderson and Phillips 
study (1967), with particular reference to Yellowknife. 
From the study he interpreted the approximate water balance 
equation for Yellowknife to be: 

Dee Dee ee Dies oO. 

(inches) 8.5 = (16 - 7.5) +0 +0 
(Laycock, 1968, p 7). 
Laycock proceeded to outline a number of reasons why stream- 
flow should be greater than zero: 


"Much of the surplus occurs in the wetter than average 
months of some years and this would not be shown if 
average monthly data only are used. Precipitation 
measurement, particularly of snowfall, is not as 
accurate as we might wish--the efficiency of catch 

may be 10 to 40 percent below actual receipt, and this 
appears to more than compensate for errors in conversion 
of snow measurement to water equivalent relating to 

the low density patterns that are more widely recognized. 
We need precipitation measurements for some upland 
areas, but snow course and other measurements near 
existing stations could help us to correct records we 
now obtain. The potential evapotranspiration estimates 
appear to be too high for most areas. The high albedo 
of snow and ice, present until early June on the large 
lakes, and of some light-—toned rocxs and sedge meadow 
areas and the cool surfaces of the larger lakes, and of 
soils over permafrost probably reduce potential 
evapotranspiration from the levels indicated, Actual 
evapotranspiration is lower than that indicated for 
large areas--e.g. bare rock areas, which are widespread 
in the North, have rapid runoff and only a few inches 
of the precipitation may be evaporated or transpired, 
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Snow drift areas may have significant local surpluses 
whatever the soil and cover patterns present. For 
these and other reasons some of the small basins near 
Yellowknife apparently have average yields of several 
inches" (Laycock, 1968, p 7). | 


The most detailed application of the Thornthwaite 
water balance procedure in the Baker Creek basin area may 
be attributed to Kakela (1969, 1973). On the basis of 
fieldwork in Pocket Lake sub-basin Kakela selected a one 
inch soil moisture storage assumption for his calculations 
and he also assumed that 50 percent of the available 
surplus water per month was manifested as streamflow. 

The 25 year mean annual water balance calculated by 
Kakela for Yellowknife Airport data is presented in Table 
3-11, P.E. was calculated on the basis of the 50°N latitude 
correction factor provided in the Thornthwaite computation 
tables. Kakela developed a correction factor for 62°N, 
Yellowknife's latitude, and the water balance using this 
‘method is also presented in the table. 


TABLE 3-11 
CALCULATED 25 YEAR MHAN ANNUAL WATER BALANCE FOR 
YELLOWKNIFE AIRPORT FOR TWO LATITUDINAL CORRECTION FACTORS, 


PaciutnlakstemtenDa dake © dkhovate 
62°N correction 9.7 = (18.5 - 12.1) + 3.7+0 
50°N correction 9.7 = (17.3 - 11.4) + 3.8 +0 


Soil moisture storage 
Source: “Kakela, (1973 p 171, 175) capacities = one inch 


* Sprinkler experiments over surfaces in the basin have 
indicated that the 50 percent value may be too low 
(Laycock, Personal Communication, August LOTS) 
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The calculated runoff, which remained essentially 
the same whatever the correction factor used, was almost 
similar to the measured 18 year mean discharge for the 
bane’ River (3.9 inches) but greater than 26 year mean 
discharge for the Yellowknife River (3.0 inches). 

Numerous attempted correlations between calculated 
runoff and measured runoff for individual years failed to 
produce any significant results. Some success was obtained 
however from attempts to correlate calculated runoff and 
certain precipitation variables. Specifically, there was 
evidence that surplus precipitation is delayed (detained) 
for an unusually long time period before it materialises 
as stream discharge from the larger drainage basins of the 
Yellowknife area, There was also an indication that summer 
precipitation (rain) received during the 12 months preceding 
discharge could be contributing a significant portion of 
the surplus generated in the area (Kakela, 1969, p 221), 
The latter correlation was the highest obtained but it could 
not account for more than 35 percent of the variation of 
stream discharge from year to year (Bekéla, "2973, pV 75). 

Kakela (1969) developed numerous site - seasonal water 
balances for Pocket Lake basin (p 227-237), focussing on 
the snow aspects of the water balance and the winter situation 
for nine different site types. (These were refined as a 
result of the present research and are presented in Chapter 6). 
On the basis of these, Kakela calculated the mean water 


balance for the entire sub-—basin by an area weighting 
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procedure. The resulting water balance equation was as 
follows: 

Pumtan (odes Myedarand. 51269 
(inches)12.76 = (16.00 - 6.28 ) + 3.04 + 0 
(Kakela, 1969, p 237) , 

The area weighted mean precipitation and surplus values 
are virtually identical to the adjusted mean precipitation 
and mean measured discharge values, respectively, that were 
recorded in the Yellowknife area, Kakela admits that the 
estimated water balances for the specific sites were mani- 
pulated so that these values would result. However, Kakela 
(1969) believed that more accurate estimates of mean P,E. 
and deficit, (and hence actual evapotranspiration), were 
determined when compared to the values calculated for the 
Yellowknife area using the selected one inch soil moisture 
storage capacity. 

Net radiation values are an another potential source 
of working estimates of basin-scale evapotranspiration, 
According to Sanderson (1969, p45): "It is generally 
accepted that net radiation is the parameter which could 


most accurately be used to estimate P.bE.". 


* Kakela adjusted the precipitation values on the basis of 
correction factors derived from a Soviet review article. 
U.S.S.R. Interdepartmental Committee for the I.H.D., 
"Summary of Methods of Computation of the Water Balance", 
February 1967, 19 pp (Mimeographed). As a result of the 
review conclusions, and his knowledge of the specific 
Yellowknife area characteristics, Kakela suggested 
increasing the 25 year mean snow precipitation as gauged 
at Yellowknife Airport met, station from 9.74 to 12.75 
inches. This was based on an upward adjustment for snow 
precipitation of 50 percent and rain precipitation was 
increased by 15 percent (Kakela, 1969, p 226). 
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Net radiation has been measured at Yellowknife Airport 
for a period of three and one-half years between August 
1960 and November 1963. (Wendland, 1967). The instrument 
used was a Suomi-—Kuhn net radiometer, the accuracy of which 
is only within about + 10-15 percent. Further error is 
introduced into the measurements by beam radiation 
reflection off the polyethylene surfaces of the instrument, 
The range of error for this phenomenon varies up to 15 
percent of measured values depending on cloud cover conditions. 
Wendland has indicated elsewhere that for regional represent-— 
ativeness his measured results should be increased by 35 cal. 


om. 7 “day~* t 


(Wendland, 1965). This suggestion is followed 
in the presentation of his results in Table 3-22. 

Other estimates of net radiation are available for 
Yellowknife, but they are empirical in nature (Hay, 1970; 
Budyko, 1963). Both these workers have employed computational 
models, using standard climatological data to compute the 
radiative fluxes for a particular location. Their results 
are also presented in Table 3-12, The table includes an 


estimate of the annual potential evaporating power of the 


net radiation totals from each source. 


* This adjustment factor was intended to account for 
differences between the net radiation measurement site 
at the Airport, (Sandy, gravelly beach ridge with a 
few grass tussocks; relatively high albedo), and the 
surrounding Boreal Forest, (relatively low albedo). 
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It may be noted that the empirical estimates of Budyko 
and Hay are compatible with one another but both are 
Significantly lower than Wendland's measured estimates. 

Hay (1970) has attempted to explain the discrepancy by 
reference to Wendland's statement that the record of the 
economic radiometer was not continuous since it had to be 
covered during periods of precipitation and strong wind. 
This fact led Wendland to omit "many five to six hour 
segments=---due to weather conditions " (Wendland, 1965, 
p6, quoted in Hay 1970, p 162). Hay felt that it was quite 
possible that during such periods of inclement weather net 
radiation values were lower than normal and hence the 
omission of such periods would tend to bias the measured 
monthly mean values to produce overestimates. He quoted 
evidence from Robinson (1964) to suggest that this would 
indeed be the case. (Hay, 1970, p 162). 

According to Hare and Hay, (1970, p 83) the assertion 
that such radiation estimates are the best available estimates 
of P.E. is controversial, They have noted that Budyko 
asserts that this assumption is valid only if the net 
radiation is derived for a fully moistened surface, (Budyko, 
1968). Hay's estimates refer to actual conditions of 
moistening. They also feel it is probable that true 
equilibrium evaporation (after an infinite fetch across a 
moistened surface) is substantially less than the values 
computed by Hay. These comments in effect restrict the 


usefulness of the net radiation values as an estimate of 
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PoE. This usefulness is further reduced for seasonal and 
monthly estimates by having to allow for energy required 
for snowmelting, or warming the soil and lake waters. 

Additional complications in northern locations have 
been documented by Orvig (1961). He attempted to correlate 
net radiation with measured evapotranspiration from a lichen 
covered evapotranspirometer at Knob Lake. No significant 
correlation could be obtained and Orvig attributed this 
fact to the peculiar characteristics of the lichen cover. 
Due to these characteristics he concluded that net radiation 
flux measurements "are of little or no help in evaluating 
evapotranspiration " (Orvig, 1961, p 203). 

It may be concluded that the best use of the net 
radiation estimates may be in Penner yeti on of actual, 
rather than potential, evapotranspiration estimates by means 
of Bowen ratios which reflect the peculiar characteristics 
of the major northern vegetation and surface types. This 
aspect is discussed more fully in chapter five. 

According to Ferguson, O'Neill and Cork (1970, p 1631) 
there is a consensus that free water evaporation estimates 
can provide a useful index of P.E. over most of Canada, 

They indicate that in relatively humid areas there is 
support for the thesis that lake evaporation is similar in 
magnitude to actual evapotranspiration (p 1632). In more 
arid areas actual evapotranspiration tends to be limited not 
by the energy available but eather by water supply. 


It is difficult to classify Baker Creek basin in arid 
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and humid terms, Under the Thornthwaite climatic classi- 
fication the region may be classified as sub—humid. 

Although precipitation levels indicate a semi-arid 
environment water supply is relatively generous because of 
the widespread lake and bog surfaces. It is probable however 
that the even more widespread bedrock—dominated surfaces 
limit water supply for evaporation to levels approximating 
somewhat less than the mean summertime precipitation for these 
surfaces, It is unlikely therefore that the mean free water 
evaporation values for the present study area (Table 3-9) 
constitute very good estimates of basin actual or potential 
evapotranspiration, The values are probably closer estimates 
of integrated lake surface evaporation only, although inter- 
pretation of the results of the present research indicate 

the estimates are on the low side, 

A recent study, adopting a climatonomic approach, has 
provided further working estimates of evapotranspiration for 
the study area. (Hare and Hay, 1971). The study was 
confined to the large-scale annual water balance of northern 
North America, and involved a comparison of the best available 
measurements of precipitation and runoff in the light of 
the new estimates by Hay (1970) of the net radiation income 
of the surface, In the study an attempt was made to balance 
the heat and water budgets by focussing on the evapotrans-—- 
piration component common to both. Anomalies were discovered 
suggesting that the mean fields of annual precipitation and 


runoff were inconsistent, particularly in northern Canada. 
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Hare and Hay (1971) were able to represent this inconsistency 
quantitatively by means of climatonomic runoff and dryness 
ratios. lLettau (1969), drawing heavily on Budyko's work 

on the world's heat balance (Budyko, 1958) has established 
a semi-empirical relationship between the two ratios. Hare 
and Hay used this relationship as a form of datum for 

judging the adequacy of the regional water balance patterns 
derived from currently available measured data. 

The runoff ratio C€ is equal to the quotient of runoff 
to precipitation, The dryness ratio D is equal to the 
quotient of net radiation to heat equivalent of the 
precipitation (Latent heat of vaporization multiplied by 
precipitation). Annual means only are considered and no 
long-term changes in storage are assumed, 

Regarding the relationship between the two ratios 
Lettau (1969, p 694) has written: "Supported by the 
analysis of actual precipitation, runoff, and net radiation 
data from a considerable number of watersheds, several 
possible but similar interpolation formulas have been 
suggested. Mathematically simplest and reasonably 
representative appears to be the following, expressed in 
ratios defined by annual means. 

Gread gy otbamita Ds" 

Hare and Hay (1971) generalized the various fields 
spatially and computed spatial mean values for various 
latitude-longitude squares, the basic unit being the five- 


degree square with a few modifications. 


Vas (torre re Mees FY 
i ; i ve ry 


easayxh baw Viewer 


toow a oxyhat wwe ciasalsseinele§ es@L) satiet 
hedati¢stes eat (Sten. -ostebwt) nid 


Fase 


ane ssottas owe gee ietwted qtademo ae 
‘okt stab be pea A ee q2tanghiththi: res 

amrertsr oniteted a7 GW apogee sade Xo cons : 

ated. hesiedinaiieie pidslievrs tifaerety § _ 

Totes > thokrens ett oF faupe at ‘9 olten sear a 
eat.o% Inupo el © oltst eeemert ant sot eh t 


Pye 


eit in dno Lov tepe eed ov wolte thet ta. 
vd Bekigt! fan auttaylsoqey to Jeor teotad) Od 
on Seth berohiedes ote yiiro eapem Gounod . (ac 
bomipenes ota opetdrs. mt cons 

poiten ows od? goawisd qidgnetteler edt yr kha: 
on yd betvogqyt”" <secritw eel Ree. ¢ eg iS 
noite hia: tea bow, Phen 10a bist balboa tg Leutos to at shah 
faveveh .phetenstaw Do sedave aWbtebhteroy: an OLE: 
feed. svat oe komiet mots Loqeat art xs Ciao sud Of 
yadantonses Date tee ignite vitenbtaneittatt iil | 
ak fonsotexe yentvotfot. 4ar ad of: expoqgs ev! Tet ndeert 

ie Wet aly 

ark Nes vag bag = k= 9 
a iebiters avobue vid bpdifannany (IO) yok f ene 
. 


“ ghloteer Or eewihaw meen Soizegn images an. maa bt ag 


Jin 7 4) pees 
ae ea: galed tiuy ound: aith Pic man pe & hut £gnotwobut 
| pi ' 


od] 


‘ 


“as 


rH 


108 


The plot of the runoff ratio against the dryness ratio 
for the squares used is shown in Figure 3-5. Also plotted 
wa ueytau's function C= 1 = tan h.D. It is apparent that 
almost all the Canadian data lie above the curve of the 
function. Certain squares representing Northern Canada 
have been identified on Figure 3-5 and may be observed to 
have a particularly poor correspondence with the function. 
If Lettau's rule is accepted the misfit of the Canadian data 
can be explained by a systematic undermeasurement of 
precipitation, over-measurement of runoff or boply, “kt is 
also possible that Lettau's rule fails in Canada since the 
curve is a semi-empirical function derived with little or 
no distinctly Canadian input. However, several observations 
point to its validity. Areas plotted very close to the 
curve are almost exclusively those possessing the highest 
quality of water balance data, and they also cover a range 
of climatic and physiographic regions eg. the more populated 
parts of Ontario, Quebec, the Prairies, and the West Face } 
of the B.C, Coast range. In addition Findlay's subarctic 
study at Knob Lake (Findlay, 1966; 1969), provides strong 
evidence favouring validity of the function, His intensive 
measurements revealed large undermeasurement of precipitation, 
particularly of snow precipitation. As a result of his 
work, which happened to be conducted in an area where the 
previously available data caused a particularly poor fit 
with the curve, the fit was much jimprovea, Since the 


function therefore appears to be valid the extreme distance 
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of the plotted northern areas from the curve can be taken 
as indicative of gross deficiencies in the data presently 
existing for northern water balance parameters, It is 

the purpose of the present study to attempt to remove these 
deficiencies for Baker Creek basin through a better under- 
standing of the water balance patterns. 

In their paper Hare and Hay (1971) stress the 
- deficiencies in precipitation measurement, particularly 
snow precipitation, over much of northern Canada, 
as a major contributing factor to the anomalies between the 
heat and water balances, They quote Russian literature 
which has justified an upward adjustment of about 40-50 
percent for the climatological normals of precipitation for 
northern parts of the U.S.S.R. (Bochov and Struzer, 1970). 
Hare and Hay dwell much less upon possible runoff measurement 
unrepresentativeness which was found to be significant in 
improving the water balance of the present study region. 

The broad method of Hare and Hay (1971), and particularly 
the use of the Lettau function, can be employed in the 
present study to guide and test water balance manipulations 
aimed at deriving better evapotranspiration estimates, In 
Figure 3-5 the study area lies within the grid located 
between 60-65°N and 110-120°W, The plot for this grid area 
lies well off the curve of the function, 

The plot is based on the spatially smoothed grid square 
values of net radiation, precipitation and runoff. These 


values differ slightly from the long-term means for the 
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present study area, namely-—Yellowknife Airport precipitation 
and Yellowknife River measured runoff. When these values 

are used the plot results in a slightly better fit but a 
large discrepancy with the curve remains. It is apparent 
that many plots could be generated by varying the precipi- 
tation and runoff variables in accordance with the results 

of more detailed research into local water balance patterns. 
The function may thus serve as a hypothesis-generating and 
hypothesis-testing device for working estimates of basin 


evapotranspiration, 
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CHAPTER IV 


RESEARCH METHODS, STUDY SITES, 
AND LIMITATIONS OF THE STUDY. 


INTRODUCTION: In this chapter the special characteristics of 
the area where research was concentrated are stressed, a 
description of the main study Sites is given and the general 
limitations of the study are outlined, Methods of obtaining 
data for individual field projects are described in addition 
to some comments on their associated limitations. 

GENERAT CONSIDERATIONS 

Research in the present study was concentrated in the 
southern portion of Baker Creek basin, approximately four 
miles from Yellowknife and twelve miles from the head of 
the-basin,: It -is°in this region that the incidence of fires 
and chemical pollution has been greatest, It is not possible 
to evaluate the past and present implications of these 
factors for the water balance, but they should be borne in 
mind, 

The major attraction of the basin from a research point 
of view is the relative wealth, by northern standards, of 
climatological data for the immediate area, Yellowknife 
Airport meteorological station may be taken as representative 
for many climatic parameters for the southern portion of 
the basin, though it would be most useful to have a detailed 
study on its exact degree of representativeness, Yellow- 
knife Hydro climatological station appears to be well located 


to give a good representation of the climate and weather 
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patterns for the headwater region of the basin. However 
this station is at an elevation (523'a.s.1.) approximately 
200 feet below that ae the upper basin and it is in fact 
lower than Yellowknife Airport (682'a.s.1.). In addition 
the quality of the snow precipitation records is suspect 
Since the "ruler method" is employed. _As will be shown 
later this method may well tend to result in an over- 
estimate snow precipitation for this station. In the pre- 
sent study therefore the record of Yellowknife Airport 
station has been used, 

This study has benefitted greatly from the availa- 
Pality of runoff records for the much larger Yellowknife 
river were the only ones available for use in water balance 
definition. It had to be assumed that Yellowknife Airport 
records were representative of an area of over 4000 square 
“miles - a most unlikely situation since bioclimatic 
gradients appear to change particularly rapidly in this 
region (Hare and Ritchie,1972). The lack until 1968 of 
locally representative runoff records has contributed 
greatly to a less refined interpretation of the actual 
water balance of Whe immediate area surrounding Yellowknife 
than is now possible (Kakela, 1969). 

The major field research in the present study was 
associated with determining the evaporation or evapotrans- 
piration from certain vegetation covers, Three main sited 


were studied and may be identified as YT2, YT4 and 
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YT6 in figure 1-3 (p4 ). ‘The symbols refer to the ground 
temperature sites for the permafrost study conducted jointly 
by Dr. R.J.E. Brown, NRC, and Dr. A.H. Laycock, Department 
of Geography, University of Alberta. They may be elucidated 


as follows with approximate elevations in feet included, 
YT2 —- Muskeg (650) 
¥T4 —- Sedge Meadow (660) 
YT6 - Black spruce woodland bog (675). 

These symbols are retained for the remainder of this thesis. 

The muskeg site, Y2@2, is located between Pocket Lake 
and the stream course of Baker Creek, There is a slight, 
but perceptible slope in the direction of the Creek (Plate 
4-1). The site has been well wooded at one time but 
suffered burning about ten years ago. As a result many 
upstanding barkless 'snags' or dead branches cover the Site. 
This has contributed to higher albedo patterns than may 
normally be associated with muskegs since new growth of 
young trees and shrubs is presently not sufficient to shade 
the light-coloured deadfall. 

The ground surface is made up of moss hummocks, (Plate 
4—~2), The dominant moss appears to be a Bryum (spp.), though 
some Polytrichum commune is present, The moss organic layer 
is relatively thin by comparison with the other sites being 
only about six inches in depth (Plate 4-3). Below this 
there is a sandy, silty mineral soil with some clay lenses 
suggesting a glacio-lacustrine origin. No permafrost is 


found at YT2, therefore when the seasonally frozen zone 
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‘Plate 4-1: View of YT2 (Muskeg). Pocket Lake oftare 
right, Baker Creek to the left. Note the 
amount of deadfall littering the ground 
surface and the slight slope towards 
Baker Creek. Photograph taken facing 
in an easterly direction. 


Plate 4-2: Y@2 Hvaporimeters battery. (10 cans). 
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Plate 4-33 YT2 Sod showing organic surface layer and 
the top of the mineral soil. See text 
for details of site characteristics. 


Plate 4-4: View of Y@4 (Sedge Meadow) David Lake 
lies about 100 yards off to the left of 
the photograph. View is taken approx- 
imately in a southeast direction. 
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Plate 4-5; YT4 Evaporimeters battery. (10 cans). 
Note shrub area in background. 
See text description. 


Plate 4-6: Y¥T4, Sod, showing sedge and moss understory. 
see text description. 
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thaws out this site becomes relatively well-drained, 

Apart from the evaporimeter and soil moisture 
measurements the net radiation results used in this study 
were obtained at YT2. As will be argued later there is a 
peed case for expecting this site to produce regionally 
representative net radiation values. 

The Baie meadow site, YT4, is located two miles north 
of Yf2, about one quarter of a mile along the Muskeg Creek 
trail from the Ryan Lake road. The site occupies a drain- 
age route between David Lake and a smaller unnamed Lake.” 
(Plate 4-4). Apart from a few isolated trees and clumps 
of shrubs the dominant vegetation at the site is sedge 
grass (Plate 4-5). Less noticeable, but very significant 
in evapotranspiration terms is the blanket of moss, Bryum 
(spp.), at the base of the sedge. In effect the stems 
of the Carex punch through this blanket, the moss com- 
prising approximately 70-80 percent of the ground surface. 
The moss grades into a dense organic layer, (Plate 4-6) 
which continues to a depth of at least 50 feet. This is 
due to the site lying immediately over the West Bay Fault 


bedrock depression. 


* The most probable source of water draining through the 
sedge age: is David Lake. It is unlikely that the 
amounts involved are very significant since there is 
an internittently flowing channel draining David Lake 
to the northeast. There is no well-de Fined drainage 
channel through the sedge meadow but only a string of 
widely-spaced small pools. 
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Plate 4—7: View of YT@6 (Black Spruce Woodland bog). 
Muskeg Creek sub-basin off to the left 
of the picture; small lake about 50 yards 
off to the right. Photograph taken facing 
in a northerly direction, “See texo foe 
fuller site description. 


Plate 4-8: YT6M, ktvaporimeters battery. (10 cans). . 
Note the linear sedgé-pool area in background 
and the disturbed nature of the site. 
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Plate 4-9: YT6M., Sod showing compacted, relatively thin 
moss cover. See text. 


Plate 4-10: YT6S. -Evaporimeters battery. (8 cans). 
~~. ‘Note shaded nature of the site, ‘sec 
text for fuller description of site 
characteristics. 
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Permafrost is found at YT4, the permafrost table at 
the end of the summer being at approximately 2.5 feet on 
average. The range in depth of the active layer is large. 
Particularly large depths tend to be associated with the 
many pools of standing water which occur at this site 
during the early summer (See Figure 5-10). 

The Black Spruce Woodland bog, YT6, is found further 
along the Muskeg Creek trail from YT4, about 200 yards 
before the now disused gauging site for the sub-basin. 

The site forms part ae rim of woodland bordering a small 
lake which is slowly being filled in by the vog vegetation. 
A series of gently rounded ridge and pool areas occurs in 
the vicinity of the site which may associated with long- 
merm iluctuations in the Level of the lake. 

Two individual sites were investigated at YT6, The 
main site, YT6M, was located on one of the rounded ridges 
(Plate 4-8). This site seems to have been disturbed 
greatly during the caterpillar tractor activity associated 
with the ground temperature installations. The site is much 
less wooded than the majority of the bog. The moss cover 
was primarily Polytrichum commune and the organic layer was 
woody (Plate 4~9) extending to about seven feet in depth. 

At this depth bedrock occurs. Permafrost is found at this 
site, the average depth of the permafrost table at the end 
of the summer is two feet. 


the sub-site investigated YTO0S was selected for its 
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Plate 4-11: YT6S. Moss/lichen cover rolled back to show 
its relative thickness and looseness. 
Some Cladonia chlorophaea may be noted on 


the left of the photograph and Polytrichum 
commune on the right. 


Plate 4-12: Pool 1, at corner of Muskeg Creek trail and 
Ryan Dake road, August) 205 197s: 

See also plates 5—2a and 5=2b,. Photograph 
taken facing in a northerly direction. 
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greater representativeness with the surrounding spruce 
bog vegetation. It was well shaded by a relatively dense 
tree growth, (Plate 4-10) though located only about 
twenty yards from YT6M, The moss ground cover was quite 
loose and thick, (Plate 4-11). Polytrichum commune appeared 
to be the dominant moss but a lichen, Cladonia chlorophaea 
was locally abundant. The microrelief ese of pronounced 
hummocks about one foot in height. Permafrost was present 
at a shallower depth than was the case at YTOM, 
BEDROCK--DOMINATED SURFACES 

A major limitation of the present study in terms of 
the objective to determine evapotranspiration ks in 
the basin is the lack of field data for bedrock-dominated 
surfaces and transpiration through trees and shrubs. In 
the case of the bedrock surfaces it was possible to make 
useful conclusions from a consideration of the relationship 
between the nature of precipitation events andssurface 
retention capacities, Some experiments have also been 
conducted with sprinklers to obtain information on summer 
runoff patterns from bedrock surfaces, Although the results 
of the experiments have not been published, personal 
communication with the researcher involvec, ee Landals) 
helped to partly substantiate the general conclusions made, 
In the case of the significance of transpiration from the 
higher order vascular plants resort had to be made to the 


literature for indications of likely patterns, 
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BACKGROUND CLIMATIC DATA 

Perspective on the conditions prevailing during the 
present study period in relation to previous periods or 
average conditions may be obtained from the background 
Oe matic data presented, These data were obtained primarily 
from the meteorological station operated by the Atmospheric 
Environment Service at Yellowknife Airport, Teer ation 
of results presented later indicate that temperature con- 
ditions at the sites investigated differ somewhat. from Air- 
port temperatures, and also that spatial variations in 
precipitation occur between sites, Although the discrepancies 
are not considered significant for the present study a 
mesoscale study of the climate of the region would be useful 
before attempting to extend the results of this study over 
@ wider region. The influence of Great Slave Lake on the 
mesoclimate must be substantial. The lake may be expected 
to moderate the temperature of areas close to the lake, MThis 
may tend to dampen summer thunderstorm activity in the region. 
It would be very useful to delimit the areas affected by 


rol 


these possible influences. For example, Great Slave Lake 
appears to be the prime cause of the frequently substantial 
diurnal range in wind speed encountered in the study area 
during many of the summer days. The relatively high daytime 
speeds, according to the literature (Bliss, 1960) could be of 
major importance in limiting transpiration from trees and 
shrubs despite the existence of radiation conditions strongly 
favouring high rates of evapotranspiration. Presumably the 


Lake's effect on wind speed diminishes further inland and 
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the point where it dies out could be of significance in 
evapotranspiration studies, The meso-climate would appear 
to be a fruitful area for future research and a cemere gical 
approach may be sufficient to produce worthwhile results if 
it is considered impractical to install numerous automatic 
weather recorders throughout the area, 
RUNOFF 

Daily discharge records for Baker Creek are available 
for the major,spring and summer,runoff period in each year 
since 1968 and these were obtained from the amual publica- 
tions of the Water Survey of Canada, Environment Canada. 
The station name and number is Baker Creek Main otem, 
O7SB009. The drainage area according to the published 
information is 55.7 square miles. For comparative purposes 

daily discharge records were similarly obtained where 

available for the Snare, Yellowknife and Lockhart rivers 
since 1965. All records were considered on a calendar 
year basis and monthly discharge was converted from acre- 
feet to inches of runoff averaged over the drainage area. 

The quality of final records for Baker Creek has been 
described as generally good. Although it is believed that 
during the odd period daily means of estimated discharge 
may be slightly off, monthly means of good accuracy are. 
expected (Wilson, Personal Communication, November 21, 1972). 
According to Landals (1970) however: "The natural control 
for the recording guage on Baker Creek is completely blocked 


by winter icing for most of the snowmelt runoff period. 
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Meaningful streamflow records are unobtainable under such 
conditions".(p 9). Interpretation of the data indicated 
that icing development has only been favoured in the two 
years (1968; 1969) when Landals had the opportunity to 
observe spring snowmelt conditions, The hydrographs for 
| these years contained a good length of rising limb and a 
peak encouraging the belief that gap periods could be 
estimated confidently. In addition icing may be anticipated 
to affect little more than locally derived snowmelt runoff 
rather than that derived from upper parts of the basin. 
The period of influence may be only a relatively few days 
in some years during rapid break-up or several weeks during 
extended break-up conditions, It is probable that gauge 
blockage problems associated with icing appear serious 
temporarily Tinesome yearss. in ‘exceptional years there ‘may 
be justification for adding up to ten percent to the measured 
discharge. In relatively open years the upward adjustment 
may be as little as one or two percent (Laycock, Personal 
Communication, August 1973). These adjustments would 
include the winter flow that may not be measured by the 
gauge, but which is manifested by the icing development. 
Data for the Yellowknife and Snare Rivers ceased to 
be published by the Water Survey from 1970. The reason 
given by a Water Survey official is one of doubts concerning 
the accuracy resulting from the manner of measurement (by 
power station personnel) and also the accuracy of the turbine 


ratings which are used to gauge a portion of the streamflow 
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at each station. The status of the results from these 
Stations prior to 1970 (and since) is therefore not clear, 
However in the absence of definite proof to the contrary 
the data have been accepted as reasonably accurate. Al- 
though the data are not now being published by the Water 
Survey it is still being collected by the companies. 
(Northern Canada Power Commission for Snare; Cominco Mines 
for Yellowknife River). Copies of the data for the 
Yellowknife River for 1970 and 1972, and for Snare River 
for 1971 were obtained through correspondence with the 
companies, It may be noted that for a few months in certain 
years discharge from the Lockhart River had to be estimated. 
This was accomplished with reasonable confidence since 
this river's regime pattern is fairly stable from year to year. 
Another source of limitations pertaining to the stream- 
flow data for Baker Creek is related to the practice of 
Dullgneyihe station's stil ingywell .outsin, the vial) vend 
replacing it again in the spring. As a result of this 
practice it is impossible to determine the time when snow-— 
melt runoff commences and when fall runoff ceases. In one 
year, 1971, the peak runoff had apparently occurred before 
the station was put into operation. Such difficulties had 
to be overcome by projection of the available trend to the 
likely date of commencement and termination of flow, which 
in many cases involved speculative estimation guided by a 
knowledge of concurrent temperature precipitation conditions 


and the patterns in other years. Snowmelt runoff is the 
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most significant component of annual runoff. Except for 
1971 this portion of the hydrographs could be estimated 
with a fair degree of confidence since the apparent peak 
was recorded and the rising limb gradient was well established. 
The fall runoff was generally very low except for 1970 and 
particularly 1969. Projections were made with reasonable 
confidence however for such periods, Where doubts existed 
projections tended to favour slightly high rather than 
slightly low values. 
The focus on inches depth of runoff directs attention 
to the importance of the drainage basin area estimate. The 
difficulty of accurately distinguishing drainage divides 
in such remote areas of glacially deranged drainage cannot 
be overstressed. It is possible that the published values 
for Baker Creek could be inaccurate, Little can be done 
here to evaluate this possible error, or correct Tor’ it, 
except to make it known that there is the possibility of 
slightly erroneous area value, To allow this study to 
* 
proceed the drainage areas were used as published in all cases. 
* The published area estimate was made by researchers working 
in the basin, associated with the Dept. of Geography, 
University of Alberta, Aerial photography and ten-foot 
contour interval topographical maps were employed initially. 
One of the major problem areas, to the southwest and west 
of Baker Lake and Martin Lake was checked out on foot by 
ir. h.o. Leayeock’ ana’ a, G, trand jals. The estimates may be 
out by a probable maximum of five percent. It is more 
likely to be much less with errors largely co ee 
one another (Laycock, Personal Communication, August BOTS) 4s 
The problem of making relevant contributing drainage area 
estimates for individual years is probably much more sig- 
nificant than any error in the published drainage area 


estimate, This is discussed more fully in the runoff 
section of Chapter Five. 


Bet : 


xod. tqeuxt veel fostens te | EO TEOGMOO 
batemitea we Biéies edgsxporbed ‘nit a's 
foot daeteqqn bat Borke siti hia 
Seder totes “Lfew sew fnpthass dete gine ead fos B6 098 
bas OTeL tok ene wot waev vi tenscia ine soni 
ideroesas AR bhaw o1sw prokrsef ert odér yt a 
fefetve eidwed senate Tebe bred fovea 16% tovewed Pe to. aia 
cise vehed eta vas qvovat of bobtot en | 
By, ARTF ss ART ict 
robtustee- epioekt thane Yo ithgah “gedonk nv’ wee 
ait ;oPanteede sets Kidod eventerp * ity to ‘powadne v7 a 
rshivie weeaiith poise Lopertese {haser008 to we — 
jonnen Saaniers Pogsated yifetos fe to asote oan 
eoulay Lataitdig sit meth eiftaseq e2 fr ‘Des 
eneh by wed aay ss sterupoent ‘oe ‘bbe’ nal 
et 2 ott! Yaseude se sokae sivfeaeq abit eit 
n le yrblieterog att eh eredt deat ‘gon $i ‘axa ot We 
of Vint, ote alts of “lortey gers mappa: 


tens ffs t-pain et Begy exw andes comin’ ‘one? 
gndtiow sesidydenpe yo Shel gow afbebiee wen’ Tang ie i 
Ori eines- pa 7 ony ti lw Sotatouana, « 2st my of 


pobtet.sf ins Nitereetene Tetess wshesd Ik to Pfarov rat 
Vile int haya st etan eqem taoidyargages Levies a 
sqaw Beh stash Feo wed os jaseots me ory tokea’ | . : 
“0 #904 A> Jen boxagde ag ated mitvet tas etiad eae 
ey yen detainees ot? ‘aiehasd 12.4 Bae doooyedt’ as 7 


asxen ef 1 vteedrs pei to mumixem sbiador \ 
' RHide- soqeos ints een iiw veel "2 of oo Year 
cere! targun  ohiewioomg? Lsapered .xo00%e, ) we he 
aoxs Syn RE - ‘YysSsbie laying drove lot $ek tna Ya 


Bia eto dss 4 liner i ak etae Seek tees a aot 
Zone sreaketh hedet oaq eee” ek arx6 Yim aedt toes 


Woxwun ont is (4 Eh ex om mapneds. ao .ue Fane 


ny 


ped ib | 
£ 


1S 


LAKE EVAPORATION 

iistimates of lake surface temperatures were required 
to enable use of the Richards and Webb (1971) equation for 
deriving estimates of lake evaporation, The climatological 
data necessary were obtained from Yellowknife Airport. 

several lakes or bays of varying size, shape and 
orientation were selected in the Yellowknife area for the 
purpose of investigating lake surface temperatures during 
the study period. Ease of accessibility by road was a major 
consideration in the selection process, Temperatures were 
measured by a standard mercury-in~-bulb thermometer which 
was placed about one inch below the water surface. Fixed 
measurement sites were visited during the study period and 
data from these were supplemented by temperatures taken 
during a few canoe traverses of the lakes when assistance 
was available. The sites were visited at intervals of one 
to two weeks during the summer, 

Supplementary data on the seasonal-—depth variations in 
Grace, Kam and Frame Lakes, just south of Yellowknife, were 
obtained for the same period from researchers at the Fresh- 
water Institute, Yellowknife, The measurements were made 
at the deepest points in each lake. These were at 18 m., 
12.5 m., and 6m, for Grace, Kam and Frame respectively. 
The mean depth of each lake is probably much less than these 
values, Temperatures were taken from thermistor probes, 


generally at intervals of one metre, about every two weeks, 
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The survey of lake surface temperatures was not 
rigorously conducted owing to the lack of continuously 
recording instrumentation. Also the need to attend to 
other areas of research prevented completely adequate 
attention being given to the survey. It must therefore be 
eonsidered very preliminary in nature. 

A particular limitation of the present work is the 
inadequate account given to considerable short period 
natural variation in lake surface temperatures which may 
be noted in the literature. Monthly means may be very un- 
representative for shorter periods and their use in equations 
could generate inaccurate estimations of monthly evaporation. 
Another limitation relates to the representativeness of 
Yellowknife Airport data on wind speed and vapour pressure 
for the lakes in the region. The latter area is also an 
important one for future research, For the present however 
the example of the Northern Ontario study (Richards and 
Webb, 1971) serves to indicate the utility of such coarse 
sample studies as an alternative means of deriving estimates 
of lake evaporation for the study area, 

A program of observation of the variations in water 
level of several intermittent pools in the study area was 
begun in early June during a period when the need.to repair 
some instrumentation curtailed other research plans, It 
was assumed that for each pool seepage losses would be low 


or negligible and that any subsurface inflow would be 
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balanced in large part by subsurface outflow. Since the 
pools had no surface channel outlet it was hypothesised 
that changes in level would provide relatively direct 
estimates of evaporation results. 

| A stake was driven into the bottom of the pools and a 
ruler attached firmly by wire. Readings were made generally 
on a daily basin though for a few days several readings 
were taken at various times of the day. The measuring 
sites were selected so that they could be easily visited 
fe cae course or other” fieldwork, 

The main pool monitored Pl (Figure 1-3) was located 
near the junction of the Muskeg Creek trail and the Ryan 
‘Lake road. It is a large saucer-like depression, approx- 
imately 8000 square feet in area and about eight feet deep 
at its deepest ppint. It appears to have been caused by 
excavation for garden soil material several years ago. 
Permafrost conditions exist in the areas bounding the pool 
but it was not possible to determine if such conditions also 
existed below the pool. Early in the season probing revealed 
frozen ground under the immediate edge of the pool to be at 
twice the depth found for the mainly moss covered surrounding 
area, it is likely that’ this discrepancy increased in 
magnitude in the course of the summer, General observations 
in previous years indicate that the pool almost dries out 
completely by the end of June (R. Steiner, Personal 
Communication, May 28th, 1974). It is filled up each spring 


by local runoff, mainly from an adjacent muskeg (Plate A-12), 
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Four other pools were monitored at the sedge meadow, 
ant Cale .g.reCboangular, artificially formed, pool yw apout 
10 inches deep at its deepest point, and approximately 70 
square feet in area at its maximum extent. Disturbance 
has revealed a very black organic soil floor. Permafrost 
occurs at all the sedge meadow sites though the active 
layer was always significantly deeper under the pools 
compared with the drier adjacent areas. P3, P4, P5 at YT4 
are relatively similar being quite shallow, (generally no 
more than 10 inches deep at their deepest), ava very small 
(20-50 square feet). Sedge grows in the pools and larvae 
float about the surface, 

Although monitoring of the pools was not considered in 
the initial research design and hence does not fit in very 
well with other research, the program did produce interesting 
results in terms of possible advective effects and soil 
moisture gradient patterns. It would seem to be a good 
area for future research. A battery of different pool sites 
could be selected and viewed in terms of a black box. lkach 
site would possess certain possible influences on water loss 
rates such as special surface, size, depth, permafrost 
characteristics. Response to a known storm event could be 
monitored to determine the relative levels of importance of 
he influences and to gain information on the local 
evaporation climate, 


Net radiation flux provides a measure of the energy 
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available at the ground surface prior to its Ree ae 
to ground heat, sensible heat and evaporative heat fluxes, 
(Photosynthesis utilises a negligible portion of net flux. 
During the spring period a small but seasonally significant 
proportion of the net radiation is required for the melting 
of snow and ice) See Appendix C for information on the 
energy balance equation and the Bowen Ratio. 

Although estimates of net radiation are available for 
Yellowknife Airport, (Wendland 1967, Hay 1970), it was 
considered desirable to attempt to obtain measurements of 
net radiation for certain specific surface types in Baker 
Creek basin. Owing to instrument problems it was only 
possible to obtain a useful record for YT2, 

Net radiation was monitored at the muskeg site by 
means of a Thornthwaite net radiation recording system 
(Model 602-DC. 12v.D.C. CWT-1162B). Weather-proof housing 
for the instrument was constructed and the sensor mounted 
on a support at a height of three feet above the ground 
surface. It was not possible to incorporate a levelling 
device into the construction; however the sensor was 
attached firmly to the support and levelled carefully by 
eye whenever necessary. The surface area sensed by the 
radiometer, (approximately a circle with a radius of nine 
feet), was selected to include parts of as many microsites 
Within the muskeg as possible..- 

The recording system was powered by a l2 v, auto 
battery which had to be recharged approximately every four 
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contributed to a few breaks in an otherwise continuous 
record from June 6th — August 31st. The output trace was 
reduced by hand or by computer digitizing to obtain daily 
estimates of net radiation in calories per square centimeter. 

| The net radiation estimates obtained in this study 
are presented with important reservations, It is very 
difficult to measure net radiation accurately. According 
to Hay (1970, p 122), the World Meteorological Organisation 
Radiation Commission (1961) gives an accuracy estimate of 
+15 percent + 10 cal. sq. cm, for daily sums of instru- 
mentally observed net radiation values. At high latitude 
sites considerable measurement error can result owing to 
the poor cosine response of the instrument at low sun angles. 
As a result of this some beam radiation may be reflected 
by the polyethylene windows of the net radiometer rather 
than being recorded. Wendland (1967, p 3) has estimated 
that because of this factor net radiation would tend to be 
undermeasured at Yellowknife by 15 percent. Orvig (1961) 
and Davies (1963) have estimated an almost similar under- 
measurement at Schefferville. 

Apart from the inherent errors. mentioned above, problems 

of condensation inside the polyethylene hemispheres’ were a 
particular source of error. Some condensation was observed 
to occur on several occasions, This normally affected only 
night-time readings if the sensor was purged with dry air 
in the early morning. However, it was not possible to visit 


the instrument every day and it is likely that there were 
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occasions when late morning values were affected. Another 
potential source of error is the lack of absolutely precise 
horizontal levelling of the.sensor. 

In view of the many sources of potential error hourly 
or daily data are not considered as useful as=monthly means 
of daily net radiation and it is the latter which receive 
emphasis in the analysis. 

ACTIVE LAYER DEVELOPMENT 

The development of the active layer at the permafrost 
sites was monitored periodically during the summer by: probing 
with a steel rod to determine its depth. 

During each measurement period 25 sample probes were 
made over a fixed area of about 500 square feet. A 
stratified random sampling procedure was followed whereby 
typical microsite variations within the fixed areas would 
be sensed, At the spruce bog woodland, YT6, the microsites 
were: a) dense woodland; b) shallow pools containing sedge 
vegetation; c) exposed site denuded of trees. At the sedge 
meadow, YT4, the microsites were: a) sedge vegetation with 
no associated pools; b) sedge vegetation in pool or 
depression areas; c) seattered ground birch, 

SOIL MOTSTURE 

Soil moisture patterns were monitored at the evaporimeter 
sites, partly to provide general infori.ation on summer 
regimes and field capacity relationships, but also to serve 
as a check on the behaviour of the evaporimeters in relation 


to natural conditions. 
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At each site, YT244 YI Oryoas  ToMswa Lisceds hone 
geneous area of about 200 square feet was selected which 
included the battery of Bee sores Moisture samples 
were taken from within this area approximately weekly and 
Shasta of about six to ten in number, representing the 
top five inches. (approximately 12.5 cms.), of soil. The 
surface was disturbed as little as possible. The samples 
were placed in a plastic bag and weighed immediately using 
a beam balance, At the end of the field season laboratory 
determination of the volumetric moisture contents of the 
samples was carried out by oven drying at 105°¢ fon 24 hours 
to obtain the dry weight. The difference between the wet 
weight and the dry weight was divided by the wet weight and 
expressed as a percentage, 

During July and August occasional pits were dug to a 
depth of about 30 inches (75 cms.) or to the foot of the 
active layer at the sites where permafrost occurred, 
Moisture samples were taken at frequent depth intervals in 
an effort to obtain some information on soil moisture/depth 
relationships. 

It was necessary for comparative and interpretation 
purposes to obtain estimates of the field capacity of the 
top layers of the soil and the surface for each site, A 
typical area of about ten square feet was thoroughly wetted 
then covered with a groundsheet which was in turn covered 
with aluminium foil to reduce evaporation. After about 36 


to 48 hours four samples each were taken from four layers 
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between the surface ste approximately six inches (15 cms.) 
depth. -(Munn,’ 1966 ,""p 27-28)" 
EVAPORIMETER STUDIES 

An attempt was made to determine evapotranspiration 
directly by means of batteries of small juice can evapori- 
meters. Such instruments were originally employed by 
Mather and Thornthwaite (1956; 1958) at Point Barrow ee 
determine P.E, They consisted of ordinary used metal fruit 
juice cans, 10.6 cms, in diameter and 17.4 ems. high. 
inverting a cut down plastic container in the bottom of 
these cans provided a small water collection basin. A 
small polyethylene tube was inserted so that excess water 
could be removed periodically. 

To install the evaporimeters a cylindrical mass of peat 
and surface vegetation was carefully cored using a bottom- 
less juice can with a jeeeea, cutting tedge.* The depth™or 
core taken was about 5 inches (12.5 cms.) MThe core was 
dnserted into the evaporimeter and the evaporimeter was 
placed in the hole from which the core had been removed, 
The hole had to be deepened sifightly in order that when the 
evaporimeter was in place the top of the can was flush with 
the surface. The peat/moss material was found easy to 
work with and it is felt that the soil profile was only 
very slightly disturbed, Because of the very moist 
conditions prevailing in the soil at the time of installation 
the collection basins were almost, although not completely 


filled with water, This practice was to partly accommodate 
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high levels of infiltration associated with a heavy rain- 
storm, Such events were ips pien during the study period 
however and it appeared that most of the summer rain was 
easily absorbed by the surface peat and moss layers. When 
installed each can blended in well with the microenvironment 
of the site, minimising rim effects (See Plates 4-2, 

4-5, 4-8, 4-10). 

The evaporimeters were installed in batteries covering 
an area of about 50 square feet. At YT2, YT4 and YTOM ten 
evaporimeters comprised each bettery while eight cans were 
installed at YT6S,. Statistical treatment of results obtained 
from the numerous installations at Point Barrow during 
the 1956 studies indicated that 8-10 cans "would be most 
satisfactory" (Mather wand Thomthwaite,. 1956, 1 p27). 

The cans were weighed periodically by means of a beam 
balance and the average change in weight of the cans was 
calculated in grams. From the can diameter it was deduced 
that a change in weight of 85 grams corresponded to a 
moisture gain or loss of one cm. Precipitation was measured 
at each site with a standard rain guage set on the ground 
surface. Hvaporaticn from the cans was calculated by 
summing the ee weight expressed in centimeters of 
water and the precipitation, (if any). 

Obvious limitations of the small can evaporimeters 
relate to their small surface area and their shallow depth. 
The former limitation is obviated to a reasonable degree by 


a battery therefore their sghallow depth becomes probably 
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the most important limitation since the cans cut off the 
supply of moisture from, (or to), deeper zones, 

During studies at Point Barrow simultaneous 
evapotranspiration measurements were made from small juice 
can evaporimeters and also from a large 50 gallon oil drum 
evaporimeter at the same sites. At one site (Aerology - 
low centred polygons) the small cans recorded 12 percent 
less than the large oil drum during the 1957 season. At 
another site, (Britton Manor —- high centred polygons), the 
smaller cans recorded 20 percent less in 1957 and 23 percent 
less in 1958, by comparison with the large drum (Mather 
and Thornthwaite, 1958, p 92). It was concluded that the 
instruments were not very suitable for measuring daily water 
joss, This conclusion also applied, but less markedly, for 
weekly estimates of water loss. 

The Point Barrow experiments measured P.i, involving 
regular addition of water to ensure the soil moisture was 
at field capacity. In the present study attempts were made 
to monitor only actual evapotranspiration. At the Britton 
Manor site in 1957 a sample of cans was left exposed to 
natural conditions rather than periodic artificial irrigation. 
In effect these cans measured A,E. as in the present study. 
This group recorded 40 percent less than the large deep oil 
drum, and 20 percent less than the group kept at field 
capacity. This discrepancy could have been greater if 
it had not been for the fact that the precipitation was 
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fairly well-distributed through the season entailing only 
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slight variations in moisture content between the two 
groups. It may be concluded from the Point Barrow work 
that relatively large percentage underestimates of | 
evapotranspiration can be anticipated when shallow cans 

are used, particularly when precipitation is erratic in 
time distribution as is the case for the present study area. 
Also the studies suggest that the reliability of the small 
evaporimeters is greatest when they are used to measure 
evapotranspiration for periods greater than a week, 

Brown (1961) used three types of evaporimeters at one 
of his sites during the Norman Wells studies, These consisted 
of half a 45 gallon oil drum, (estimated depth 18 inches, 

45 coms.), six 15 cm, diameter cans. (estimated depth 12 
inches, 30 cms.), and six 10 cm. diameter cans. (depth 7 

Be eicet 17.4 cms.). Using the average value of the six- 
can groups it was found that the shallowest cans recorded 
40 percent more evapotranspiration than the other two types 
which were very similar to one another. This pattern is 
inconsistent with that noted in the Point Barrow studies, 
and also the pattern which may be deduced:..for the present 
study. The inconsistency is probably attributable to 
deficiencies in the method of sprinkling water on the surface 
formaintaini P.i.ccondi tions). (Browny, 1961,,p 24) ./) The 
subjective judgement involved in this ,rocess has also been 
eritically remarked upon by Mather and Thornthwaite, (1958, 
p 91), Nebiker, (1957, p 53, p 56), Watts, Galloway and 


Grenier, (1960, p14). It is also possible that the 
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inconsistency is partly attributable to the fact that the 
daily addition of water actually changes the climate under 
test. (Brown 1965, p 28) and generates potentially 
Significant advective effects. Since no artifical watering 
was undertaken in the present study these sources of error 
were avoided but there remains the strong doubt concerning 
the cans' ability to simulate natural soil moisture flow 
conditions. It was found possible to estimate the adjust= 
ment required for this factor by utilising soil moisture 
regime results and changes in weight of the cans. 

A limitation of relatively minor importance associated 
with the evaporimeter studies is the necessity to introduce 
measured precipitation into evapotranspiration computations. 
The undermeasurement of precipitation attributable to 
characteristics of the rainguages is possible owing to 
wetting effects and evaporation from the Biage.~ According 
to Bavina (1967, p 348): "This correction does not exceed 
10 percent and amounts mostly to 3-5 percent of monthly 
evaporation for the summer in the forested gone of the 
USSR." This limitation appears to be of negligible 
importance but caution is suggested by the sienificant 
microsite variations in precipitation distribution for the 
high centred polygons (Mather and Thornthwaite, (1956,p 27). 
EQUILIBRIUM EVAPOTRANSPIRATION MODEL 

A simple model for determining evaporation from high 
latitude upland sites has been proposed by Rouse and 


Stewart (1972). The model is a derivation of the equilibrium 
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model presented by Slayter and Mejiroy (1960). Lt ta. just 
a simplified version of Penman's P.E. equation and it uses 
only air temperature and net radiation data, (and ground 
heat flux if available). As originally presented this 
model was considered applicable only under conditions of a 
Saturated atmosphere, However further developments have 
revealed that the model is applicable also in non=-saturated 
conditions, Wilson and Rouse (1972) found that oem 
equilibrium model performed well over a moderately dry 
surface exhibiting a relatively high resistance to 
evaporation, Rouse and Stewart (1972) observed that high 
latitude upland sites in Northern Canada have vegetation 
covers, (non-transpiring ground lichen, mixed ground lichen, 
widely spaced conifers and lower order vascular plants), 
which exhibit a diffusive resistance to the efficient move-~ 
ment of water vapour from the moisture source to the 
atmospheric sink, This observation prompted the hypothesis 
that the equilibrium model or some function of it might be 
applied to estimate the evaporation for resistant subarctic 
and tundra surfaces. Rouse and Stewart (1972) successfully 
tested this hypothesis for a high latitude lichen-dominated 
upland site in the Hudson Bay Lowlands and suggested that 
the model could be used to reliably estimate evaporation for 
any high latitude surface which exhibits a relatively large 
resistance to evaporation. The appeal of the model stems 
from the fact that the only inputs required are net radiation, 


soil heat flow and screen temperatures, The prediction 
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model by which LE can be determined in cal. per sq. cm. per 
min. was given as: 

a c LE 
Tf = temperature in Pa: Rn = net radiation in cals. sq. cm. 


= (0.406 + 0.0117) (Rn-G) where 


mins Gis isoil) heatutluxtiv calel. sq. ‘tay ‘min, 
(Rouse and Stewart, 1972, p 1069). 

In the present study this equation was applied to some 
data obtained during 24 hour intensive study periods - 
three each at YT2, YT4 and YTOM - conducted during July and 
August 1972. For each day the period of positive net 
radiation was considered and this was broken down into 
three or four blocks of time. Net radiation was obtained 
at YT2 from the recording radiometer and at YT6M and YT4 
from spot portable radiometer observations. The ground 
heat flux was assumed to be 15 percent of the net radiation 
for each time period. This assumption is based partly on 
the results of the literature review reported previously 
(Chapter Three), the active layer development studies 
reported later (Ghapter Five), and a qualitative assessment 
of the energy required to warm the ground at the sites. It 
must be considered very tentative however, The average 
sereen temperature for each time period was used, 

The data employed in the present study incorporate 
some assumptions which limit the results to the status of 
crude estimates. However the data are considered sufficiently 
adequate to indicate whether the application of the Rouse | 


and Stewart model is satisfactory or unsatisfactory in the 
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present study area, 

Application of the model is warranted only when the 
wet bulb depressions of the overlying air (D) and the 
evaporating surface (Do) are similar. This situation is 
not likely to occur either when the surface is wet (D>7Do) 
or when it is very dry (D<<Do). For a middle range of 
moderately dry surface conditions where D = Do it is expected 
that the equilibrium model estimates will closely approximate 
the A.E, rate (Wilson, 1971, po). Bowen ratio values 
equivalent to 'moderately dry' conditions have been indicated 
to be in the range 0.25 - 0.54, Wilson and Rouse (1972). 
Where there is reason to suspect conditions where the 
Bowen ratio is outside this range the accuracy of the model 


predictions must be doubted. 
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CHAPTER _V 


RESULTS & INTERPRETATION 
INTRODUCTION: (It isthe author's.purpose in this chapter 
to present the results of the fieldwork undertaken in the 
course of this study and to supply an interpretation of the 
results. Major synthesis of the results at the basin and 
site water balance scale is deferred until Chapter Six. 

This chapter commences with the provision of background 
Climatic data for the study season and the longer term trends. 
Particular emphasis is given to the period since 1967 
because of the availability of runoff data for Baker Creek 
from about this time. 

Following this survey, results pertaining to runoff, 
lake and pool evaporation, net radiation, active layer 
development, soil moisture, and the evaporimeter studies 
are presented in that Oruer., 

TEMPERATURE? 

The daily maximum and minimum temperatures at Yellow- 
knife Airport during the summer of 1972 are presented in 
Figure 5-1, After a relatively cool April, temperatures 
climbed quite rapidly in May and began levelling out about 
mid-June until winter arrived suddenly early in September, 
During the three main study months average tempera tures 
were the rule in July while in June and August they were 
2 to 3°R above normal. The representativeness of the 1972 


summer temperatures by comparison with previous years may be 
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Pee alah difference from normal since 1967 is presented. 
Conditions in 1972 appear to have been relatively similar 
to past summers except for the slightly higher temperatures 
in June and August. 
Areal variability of temperatures in the study area 

is not so marked as for precipitation. Mean temperatures 
at Yellowknife Hydro are normally about 2°F less than those 
at Yellowknife Airport during the summer months. (Table 5-1), 
Because of the low elevation of Yellowknife Hydro relative 
to the headwater region of the basin it is likely that 
mean temperatures during the summer in the latter area will 
be about 2-4°F on average below those in the southern portion 
of the basin represented by Yellowknife Airport. This 
difference could be great enough to introduce a significant 
contrast in evaporation levels between the northern and 
southern parts of the basin. Alternatively the 2°Rr difference 
between the Hydro and the Airport could possibly be due to 
measurement site factors. Although this is not thought to 
be likely it would have the effect of shallowing the 
temperature gradient over the basin and reducing temperature. - 
induced evaporation contrasts. 

On several days it was possible to compare hourly 
sereen air temperatures at specific sites in the basin with 
those recorded at Yellowknife Airport, The results are 
presented in Figure 5-3. It may be observed that temperatures 
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¢t the sedge meadow, spruce bog and muskeg sites tend to be 
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lower than those at the Airport. The trend is particularly 
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FIGURE 5-3. COMPARISON OF HOURLY TEMPERATURES AT BASIN SITES WITH 
YELLOWKNIFE AIRPORT DURING CERTAIN DAYS, SUMMER, 1972. 


Source: Daily Surface Weather Record and field measurements Ey the Author 
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marked during the night and morning periods and is 
weakened or destroyed during the afternoon periods, It 
should be noted that temperatures were measured in standard 
Stevenson Screen installations at Yellowknife Airport and 
at the sample basin sites, All*of the sites are effect- 
ively open in nature with regard to tree vegetation except 
for YT6 where the screen is located at the edge of the 
disturbed area. Here the effect of the spruce woodland 
may be expected to be significant in reducing air move- 
ment, This would encourage relatively high daytime air 
temperatures by comparison with less wooded sites, It 

may be concluded that the data presented in Figure 5-4 

in general reflect the operation of this factor although 
the influence is not very marked. 

Most of the days studied were dominated by Sandys 
clear or only partly cloudy conditions, breezy during the 
day and calm at night. Except for showery overcast periods 
(eg 9 August YT2), it appears from Figure 5-3 that during 
the day the Airport air temperatures tended to be slightly 
lower than the basin sites studied, This probably ref 
the influence of a significantly higher albedo at the 
relatively unvegetated, sandy airport site by comparison 
with the others, Possibly the daytime discrepancy would be 
greater were it not for the stronger effect of evaporative 
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cooling at the much moister vegetated HPasine sitesi ohimited 
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emphasis should be placed on the latter possibility however 
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in the absence of surface temperature comparative data. 

The marked difference in nightime air temperatures be- 
tween the airport and basin sites, present in most of the 
cases studied, may be due in large part to the most of the 
cases studied, may be due in large part to the effects of 
@old air drainage...The.airport site .is.the.only one not.lying 
along a significant, slope or near. the trough of a depression. 
Meets .difficult,tovestimate, the-exact contribution,of 
negative ground heat flux to this pattern in the absence of 
detailed measurements. Ground frost was observed on one 
occasion (4 August Y7T4) and quite heavy dew formation was 
noted on most remaining days with one definite early morning 
mMest.(1LS.duly.Y@4)...Qualitatively therefore. it,would, seem 
that at the basin sites the release of heat stored during 
Khe day is also significant (in relation,.to cold air drainage 
effects)... This implies that relatively inefficient insulation 
properties are present at the surface moss and peat layers 
when the opposite might be expected because of the often 
dried out nature of these layers. 

From the cases studied it appears that mean air 
temperatures at peatland sites will be several degrees 
lower at the basin depression sites than those recorded at 
Yellowknife Airport, This is consistent with cases reported 
in the literature (Brown, 1965; Williams, 1968; Bavina, 
1967). It would be useful to extend this type of stuay to 
embrace free water and pedrock~dominated surfaces and to 
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measure both air and surface temperatures. 
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PRECIPITATION: 

mhe precipitatien for Yellowknife) Airport during the 
main study period is presented in Figure 5-4, No snow 
precipitation was observed during this period. several 
lengthy dry periods may be-noted between the rain events. 
This effect is accentuated when it is appreciated that on 
at least five occasions a single rain event occurred over 
midnight necessitating a splitting of the total between 
two record days. Rainfall was generally light and of 
relatively brief duration except for a few heavy showers 
and one major thunderstorm, 

The precipitation totals for these three summer months 
of interest were very similar to the long term average for 
each month except in the case of August (Table 5-1). 

The summer as a whole however was not very similar to 
other summers during the previous five years (Fi 
In particular it lacked the abnormally high late summer and 
fall precipitation amounts which characterised the previous 
rave years. 


Some authorities have indicated the probable need for 
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substantial upward adjustment of the precipitation measured 
at stations in Northern Canada. The degree to which adjust- 


ment is necessary has been determined with reasonable 


confidence at only one location, (Knob Lexe; Findlay 1969), 
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where regular and extensive snow surveys nave permitted 
adjustment of v 0 +: measured at the standard 
adjustment of precipitation measured at the standard 
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meteorological station. For the present study area, in 
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1967 Kakela (1969) made an extensive snow survey which 
indicated that Yellowknife Airport records undermeasured 
actual snow precipitation by 13 percent. Kakela thought 
mis to be the direction of the adjustment but not 
eeessarily its relative magnitude, which he inferred may 
be higher on average because of the influence of heavy 


Snow precipitation years. In his calculations he used 


adjustment factors of +50 percent for snow precipitation 


mma +15 percent for rain precipitation, following reports 

Be northern U.S.S.R. experience. Results from the present 
mesearch indicate “that oie gs adjustments may well be large 
overestimates. in fable 5-2 is presented the unadjusted 
total precipitation for the years 1968-72 and adjusted 
totals for two combinations of adjustment factors. The 
present research suggested the adjustment necessary probably 
lies somewhere between the unadjusted total and the first 
combination, 

Precipitation amounts measured from standard rain 
gauges at specific sites in the study region are compared 
wat) Yellowknife Airport data in Table®-3. Significant 
differences may be noted between the areas in each month 
but no pattern is evident over the whole period. Similar 


areal variation has been noted for the region by Taylor 
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(1971) in a comparative study of precipitation for Yellow- 
knife Airport, Yellowknife Hydro and Discovery. The study 
included a comparison between Yellowknife Airport and 
Discovery for precipitation in July and August 1971. Total 
precipitation at Yellowknife was 25 percent greater than 

at’ Discovery. ‘Daily patterns exhibited large differences 
which indicated not only the effects of local thunderstorm 
activity but also a considerable variation in rainy periods, 
when greater uniformity of precipitation might have been 
assumed over a distance of only 50 miles, It was concluded 
that owing to the significant variation between stations no 
one station could be taken as being any more representative 
of ‘patterns in the region that others. 

Yellowknife Hydro appears to be well located to serve 
as an indicator of the climate experienced by the headwater 
areas of Baker Creek basin, However, eainteod should be 
exercised in this regard. Apart from the evidence presented 
above for considerable areal variation in precipitation it 
should be noted that the elevation of Yellowknife Hydro 
(523 feet a.s.l.) is less than that at Yellowknife Airport 
(682 feet a.s.sl.). Bhevation in the headwater region of 
the basin ranges from about 700 to 850 feet. 

“It should be borne in mind that at Hydro, snow 
precipitation is measured with a ruler to determine depth 
and the water equivalent is obtained by dividing the deptn 


by 10. At the Airport snow is measured by means of a Nipher 
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shielded gauge, and is melted down to obtain the correct 
water equivalent. Winter water equivalents of snow 
precipitation calculated from records for Yellowknife Airport. 
for the winters 1966/7 to 1971/2 are presented in Table 
5-4, They were calculated from the published data simply 
by dividing the precipitation total given for the month 

by the depth of snow in inches, Assuming water equivalent 
patterns at the Airport are typical of the surrounding 
region the data indicate that the 0.10 equivalent used for 
the Hydro station is too high. It is su geested that a more 
appropriate conversion factor for Yellowknife Hydro snow 
precipitation is approximately 0.075. This woulda have 

the effect of reducing annual Hydro precipitation by about 
one inch to a mean level below that for the Airport. The 
elevation difference between the Hydro and the headwater 
area of the basin may compensate for this reduction to 

some extent, minimising contrasts in mean annua 1 precipi- 
tation over the basin. It is of interest to note however 
the consistently greater precipitation recor rded for the 
Hydro during the summer months by comparison with Yellow- 
knife Rirport: This may be a function of Hydro's valley- 
foot location possibly favouring the funnelling of storm 
activity over the station with less effect being felt in 
higher areas removed from the valley such as the upper 
Baker Creek basin. If this funnelling pattern is not 
present and the upper basin receives slightly greater summer 


precipitation, on increased elevation grounds, than Yellow- 


aot | | re Gr, omy 7 oe 


~ 

foorroo alt Akatdo. oF wad bes.tom “thy Bat 
wonk to eteelavinpe, tetew robati te aide 

tveqets 3 talwoLier Tol ebT09St. mont bets L team is na 
aide? wk bovnesesq errs s\rrer ot yhaver exetniw alt 


vfiate otsh bedatiguq edt nox boils tie kag xa willl 


.. <a 


iénoy su? cot aevba fetost sottetighoerg edt guliiy 
ye _ 
Troflavivns Tot AY paimosesA ~89rlont al 1s) daa *o dato ne cy 


a 
wiliogerin ont to Laotquy aus trogeth ent: te 


ieaw teetavieps 05.0 ef tect vateotint S766 
‘ent botoeamca eb oD)! faci _ St noltsta: rf i: 


cn 


in, OLDER, shtawolfeY x02) sofpet noLeteevno3 aga; 
ent bittrow etd? 4270.0 vfotemtromegs et wok: 
Cineet es « anyd ktne ta teees oxbyi femurs prtoubor tor “a 
roynhaA eady t6t tedt woledyfevet sheets ara 2 fy 

levbosd oft be @rbyk off ssewad soaeketthbi a re inte 


~ 


aitoavben wid> sok oteeneqnon em nbeed oat Xo > 


ee 


» 


ee 
— 


tsionve Ty saci ie eae ane es aeUT ROD gauleiatate xo 
roveoued. cae. o& desredatl ‘to ek $2. pane oh xb me 

ay aOR babxocet wot tettqtoexg sitserty <oeereie | 
wo lie rts np a kcadaod edtaom tome sit shut xb 


-yoliat aloengl te modtongt a od yan ata? -troqnah ah ns 
mtete ‘te asbctiadan eat painsovet widteson 


uoitacol $66 
wt tio qeesd peeks nai ‘ree: noktate edd xe oO th wits 


=eqqy ett as some xo Far. ot aot ba ro rt 8b = 
> son 82 | eating nt oman tat A. satned ies9 182 


Tee LEK SS viAg hie: ser tne 


ai fi ?7% 
t we siete) 
ata harks soba pew rT pe rote 


male) 


167 


"UOTLE TNO TeO 
JO poyuyew ayy TOF 4X94 3y4 0fF Zazey 
*ZOyuZNe et 

Aq suotze[TnoTe9g “parooey ATUQUCNW °L’°o'’a 78 


qi 


OLO° GTT’ TSO” €90° é80° Ggo° 
GLO° 0go’ LS0° 910° G90" 8L0° 
290° T80° T90° G90° Z80° el: 
¢80° OL0° G90° ogo* ad.Oz OLO° 
0S0° 090° GLO* T80* £LO# VLO* 
€80° 910° OOT’ €60° €80° cist” 
@/ tL mL /OL 01/69 6/89 8/L9 4/99 


(mous jo ygdap yout aed yueTeatnbe caqyem Fo seyout) 
*Z/TL6OT 0% L/996T StoqUuTM “eqyep yaodaty 
STTUNMOTTEeL WOTT paseptnoTeo uoTreqytdtosead 
mous JO 4UaTeAtnbe cTa1eM eSerzsae ATUAUOLI 


$-G FIVE 


YoLehl 
Azenigad 


£renuwe pe 


ae vd pemiseleotso .Srogeh yistreeR- 230,6 
’ a  —Aoldee. ld 
- to bedven edt tol ¢xed off oF alee 
‘ : -@elts fag Tas 


> ° * ° 


ner 
te 


168 


knife Hydro, which in turn is greater than that for 
Yellowknife Airport, it is possible that slightly more 
runoff from the upper basin will be favoured relative to 
the lower basin. This is suggested by Kakela's good 
correlation between annual runoff and summer precipitation 
(Kakela 1973, p 175). 

CLASS SA PAN: 

The Class 7) Pan data for Yellowknife Airport during 
the 1972 season is presented in Figure 5-6. The data are 
in the form of values corrected for heat transfer effects 
associated with the pan. Relatively high rates of daily 
evaporation occurred in June and July, {mean monthly rates 
are 0.20 and 0.22 inches per day respectively, falling off 
in August (mean of 0.14 inches per day), to 0.07 inches per 
day on average in September. It may be assumed that a 
significantly high rate of evaporation persisted during the 
latter half of May, perhaps averaging 0.15 inches per day, 
Figure 5-6 may be taken as an index of the relative values 
of potential evaporation throughout the study period, fhe 
validity of the magnitude of the rates of evaporation for 
environments other than that of the pan is not certain. 


The representativeness of the data for the summer of 


i) 


1972 may be guaged from Table 5-5. Estimates have been 
ineluded for May and parts of June and September where the 
records are missing. The estimated values are in brackets. 
The summer totals appear to be very high when set beside 


some of the values published in the literature, It may be 
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noted that the total for 1972 is the closest to the 7 year 
average, ‘ 

The pan evaporation records available for Yellowknife 
do not appear to have been very closely considered by 
Ferguson, O'Neill and Cork (1970) since the estimates provided 
by these workers are well below those recorded, Inter- 
pretation of results presented later indicates that the 
actual average for small lake evaporation in the study area 
probably lies midway between the averages extracted from 
the literature and from the pans. 

RUNOFF: 

The runoff regimes for Baker Creek during the period 
1968-1972 are shown in Figure 5-7. Monthly runoff estimates 
were derived from the regimes and are presented in Table 
5-6. The volume of streamflow has been expressed as depth 
ofjrunotf in inches over the™drainage basin. lt has been 
pointed out earlier that owing to the potential error in 
estimating drainage basin area for such heavily glaciated 
terrain the values presented may be slightly inaccurate. 

The table indicates large variations in runoff on an 
annual and monthly basis. In particular it may be noted that 
the runoff during 1972 was considerably lower than in 
previous years. 


In order to interpret the above variations it is useful 


hydrological factor in the Canadian Prairies (Spences 19723 


Stichling and Blackwell 1958). This research has single: 
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out the depression storage characteristics of drainage 
areas as being of major significance in explaining runoff 
variations. Extensive glacial deposition, in combination 
with relatively low topographic relief, has created large 
areas of internal drainage into local depressions, many 

of which have no outlet except by evaporation, while others 
overflow and contribute to streamflow only in some years. 
Ideally a different drainage area to suit the climatic 
conditions of a particular period should be used, 

Stichling and Blackwell (1958) have conveniently listed 
the factors which cause the boundaries of a watershed to 
fluctuate. They also note that these are analagous in many 
ways to the factors which contribute to the variability in 
Ssimnott ; 

Where depression storage is appreciable it will 
effectively reduce the rate and the total volume of surface 
runoff, Soil and topography greatly affect infiltration 
which in turn influences the surface runoff and the rate 
at which depressional storage is filled. Precipitation and 
evaporation behave antithetically but they must be considered 
together as being the most significant variables affecting 
the limits of a drainage basin, The actual effect of 
precipitation will be determined by its seasonal distribution 
and must be considered in two parts, nanely, that precipi- 
tation which produces the runoff and that precipitation 


s a factor which also 


fue 


which is antecedent. Evaporation 


affects antecedent conditions since high evaporation may 
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minimise the effect of high antecedent precipitation and 
vice versa. Intensity of rainstorms and rate of warm-up in 
the spring influence the amount of infiltration and sub- 
sequently the volume of surface runoff which replenishes 
the depressional storage, 

Consideration of the above factors greatly aids the 
interpretation of runoff variations for Baker Creek. De- 
pressional storage is certainly appreciable. Glacial erosion 
and deposition have contributed to the formation of an 
intricate mosaic of depressions which are very loosely 
interconnected. It is probable that Baker Creek owes its 
status as a significant flowing water body to the exceptional 
interconnection properties afforded by the West Bay Fault 
which dominates the spine of the basin. A short distance 
away from this narrow corridor it is likely that many semi- 
permanent internal drainage basins dominate the drainage 
area, 

It is probable that the low runoff for 1972 was in 
strong part ae to the necessity of filling a large amount 
of depression storage which had been depleted by low 
precipitation or high evaporation in the previous period. 
It may be noted that the Class 'A' pan record for 1971 was 
the highest since measurements began, contrasting markedly 


with the record for the previous three years (Table 5-5). 


io) 


Since annual precipitation during the past three years has 
been very close to the average, high evaporation in 1971 


was probably primarily responsible for depleting the 
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depression storage. Other insights into possible explanations 
for the runoff variations may be deduced from Figures 5-2 
and 5-5. From these it may be noted that in the summer 
of 1971 August was very wet but this seems to have been 
balanced by the dry July which preceded it since no 
significant late summer or fall runoff occurred. It may be 
Significant however that the fall of 1971 was relatively 
warm and no particularly wet conditions preceded freeze—-up, 
Such conditions would have ensured that depression storage 
would be well below capacity when 1972 breakup occurred. 
In addition it may be noted that breakup was relatively 
late in 1972, April being particularly cold, and there 
seems to be a direct relationship between high levels of 
runoff and early breakup eg. 1969, 1971. (1971, having a 
relatively warm April is an exception in this regard but 
the low level of snowmelt runoff appears attributable to 
relatively low winter precipitation, especially during 
late 1970). 

The need to fill particularly depleted depression storage 
only seems to have arisen in 1972. The summer of 1968, 
except for September, was very dry suggesting that depression. 
storage would have been at relatively low levels. However 
temperatures were also low during the summer of £5oe... Difhits 
would have reduced evaporation demands. in addition the wet 
September of 1968 would have topped up storage levels 
somewhat. In view of the relatively low precipitation which 


occurred in the winters of 1967/8 and 1968/9 the high 
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snowmelt runoff in 1968 and 1969 is surprising. No singularly 
good reason appears to exist to explain. this pattern except 
for the possible influence of icings. Icing is definitely 
known to have affected the valley of Baker Creek near, and 
including, the guage area in 1968 and 1969 (Landals, 1970, 
p 41). Landals (1970, p 41) has remarked on icing acting as 
a reservoir for retention storage: "Runoff is reduced through- 
out the winter period as it accumulates in the form of ice. 
Water stored in this manner is released in the spring, there-~ 
by substantially increasing runoff for this period." This 
would appear to contribute a large part of the explanation for 
the high levels of snowmelt runoff during the spring of 1968 
and 1969. 

The months of October and November for 1967 and 1968 
were both characterised by above average temperatures, In 
no year since has this pattern been observed for this period, 
although the temperature for the month of October was 
slightly above normal in 1969, 1970 and 1971. October 1967 
and September 1968 were abnormally wet months and temperature 
conditions favoured conversion of this precipitation into the 
icings. In no year since has this combination of circumstances 
been so prominent. There is an indication that conditions 
favouring slight icing occurred in the fall of 1971, bud 3. 
field survey in the spring of 1972 revealed that icing was 
not significant. 

The above association of surprisingly high snowmelt runoff 


periods with definite reports of significant icing development 
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may contain a certain element of overemphasis. Winter 
icing development is also a very good indicator of high 
detention storage levels. The high levels of snowmelt runoff 
in the spring is partly attributable to melting of the icings 
but it is possibly more due to the fact that there is little 
unused detention storage capacity available to take up part 
of the local meltwater flow. 

The high snowmelt runoff for 1970 appears to be attribut- 
able to the exceedingly high precipitation in August 1969. 
Only a small proportion of this record-breaking precipitation 
appears to have contributed to runoff in the fall of 1969, 
Much of it appears to have gone to fill depression storage 
to its total capacity. Precipitation during the winter of 
1969/70 was below average and the high runoff flows during 
the spring and summer of 1970 may be explained in part at 
least by reference to the August 1969 precipitation. fhe 
runoff pattern associated with this precipitation event 
indicates that as a result of it depression storage was filled 
to overflow levels for much of the basin. It also indicates 
the existence of a considerable lag in time, approximately 
ten months, until the last effect of the event on runoff 
can be observed. | 

The very high snowmelt runoff in 1971 appears to be 
attributable ma linly to a particularly rapid and intensive 
warming during the spring period. Another favourable factor 
would be the high probability that depression storage was 


relatively well filled as a result of the high precipitation 
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during the months of August 1969 and 1970. Pu pcnae ata 
during the 1970/71 winter was about average on balance | 
indicating the importance of the above factors, 

Some indication of the changes in depression storage 
in the study area since 1966 is provided by reference to 
Pocket Lake lake level records (Station No: 07SB008), ‘The 
approximate lake levels for the month of December were | 
extrapolated from Figure 5-8, The results are shown 
in Table 5-7. 

TABLE 5-7 


Pocket Lake. Level changes Dec. 1966 — Dec. 72. 


December '66 waey '68 169 70 "Te ic 
BETCLy 96 wl. 96.7 96.8 97.4 Shae 96.8 96.9 
(feet) 


Change over if—— 40.6 +0.) +0.6 -0.1 -0.5 +01 
year (feet) 


Source: Water survey of Canada; and estimations by the author. 
Regarding Table 5-7, the 1966 estimate is low in part 
pecause of the heavy drainage of the lake during construction 
of the weir and the lake not rising to overflow levels after 
the construction period. Construction of a new weir in 1967 
did not affect levels significantly (Laycock, Personal 
Communication, August 1973). In interpretation of the table 
therefore emphasis should be placed on the direction and 
magnitude of the annual change in level, rather than on the 
absolute level values. Significant increases in Pocket Lake 
basin storage occurred from December 1966 to December 1969. 


After this it fell, particularly during 1971. ‘The latest 
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estimate indicates that some storage buildup occurred in 
1972. This trend corresponds well with the pattern deduced 
from runoff variations. 

As a result of the lake temperature survey at Prosperous 
Lake information was obtained on recent lake level changes 
from summer cottage owners on the lake side, Their information 
backed by markings on boat marina supports indicated that 
between the early summer of 1971 and the spring of 1972 the 
level of the lake fell by three feet. By the end of the 
summer of 1972 it had risen by about one foor. (Plate 5-1). 
These respondents reported similar changes for Prelude lake 
over the same period. Observations by the author at a 
number of smaller lakes in the study area consistently 
indicated a prominent wash line on rock surfaces abutting 
into the Lake at about two feet above the existing lake level. 
These observations suggest further support for the storage 
change patterns identified above. 

Tt is possible that important long,as well as short, 
wavelength cycles of change occur in depression storage in 
the basin. The signs of vegetation rims at the spruce wood- 
land bog site have already been mentioned. In his study 
Brandon noted that: "Indications of high water loss by 
evaporation in summer can be seen north from Yellowknife where 
small closed lakes show varied vegetation rims around their 
edges." (Brandon, 1965, p 7). These observations indicate 
that the hydrological record of the basin could be successfully 


extended back in time by biogeographical studies, incorporating 
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Plate 5-1: 


Water level changes at Prosperous Lake. 
The person is pointing to the probable 
level of the lake during the early summer 
of 1971. After falling three feet by the 
spring of 1972 it had risen by one foot to 
the level at the date when the photograph 
was taken. (August 20, 1972).- 
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peat analysis and dating, of several lake borders in the area, 
The runoff for Baker Creek over the past five years 
has been compared with similar records for rivers in the 
broader region also guaged by the Water Survey of Canada 
(Table 5-8). It should be remembered that the values for 
Baker Creek contain an element of estimation for rwmoff during 
periods prior to installing the guage in spring and sub- 
sequent to taking out of the guage in the fall. The degree 
of estimation in the totals may be appreciated by reference 
to Figure 5-7.where dashed lines indicate the estimated portion 
of the regime. It was assumed that flow stopped during the 
main winter months, It was. also assumed that early and late 
period runoff covld be represented by an approximately linear 
projection of available records, Generally however the gap 
period estimations account for a relatively small proportion 
of the annual total and associated errors have been considered 
as not serious, except possibly in the case of the 1971 total 
when the peak runoff value and date had to be estimated, 
It is clear that Baker Creek has the lowest yield of the four 
rivers under consideration. In the comparison all the rivers 
have been treated as a lumped system whereby the values given 
represent an integration of runoff effects over the whole 
basin. This form of treatment is relatively satisfactory for 
very small basins such as Baker Creek, However, when considering 
such large drainage basins as the others in this comparison it 
is important to appreciate that large variations in runoff may 


occur within the basins. This point particularly applies in the 
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i cecent the Snare, Yellowknife and Lockhart a ee 
of their general location across a zone where bioclimatic 
gradients are steep. (Hare and Ritchie, 1972). 

It is possible that precipitation is greater in the 
relatively high headwater regions of the latter three large 
rivers, However very few measurements exist and the precipi- 
tation trend decreases slowly in a northeasterly direction 
indicating that inereased precipitation may not be a very 
significant contributing factor to the increased yields by 
comparison with the southerly located Baker Creek. Caution 
is recommended in this regard however in the light of a 
recent paper by Findlay and McKay, (1972). Study of recent-— 
ly available snow course data, when mapped, indicated a 
wedge of surprisingly high water equivalent extending east 
and west through central Keewatin and Mackenzie districts. 
They add: "What has been traditionally described as the 
polar desert becomes much less arid when the mass of snow 
is considered instead of the depth" (Findlay and Mckay, 
1972, p 141). 

What seems more certain is that the precipitation that 
does fall in the headwater regions is more effective because 
of the relatively cold temperatures which sienificantd y. meduce 
free water evaporation. The cold soils associated with the 
more widespread permafrost, and the much reduced tree cover 
can also be expected to reduce evapotranspiration, The Lock- 


large area in the région nortaA 
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hart River drains a particularl 
7 + An es - wets w47 7437 @ AA TI?) 2B Prova ey eit 
of the treeline and within the zone of continuous permalrosy. 


It may be noted that the yield for.this river is significantly 
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larger than for either the Snare or 
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the Yellowknife Rivers, 


The yield patterns for Baker Creek probably most 


accurately represent only the extreme southern portions of 


the other river basins. 


yields in the upper portions of the 


river basins could well be in the range of six to 


It may be inferred that average 


Yellowknife and Snare 


even inches, 


and possibly rise to about eight inches in the case pie 


upper Lockhart basin. 


Kakela (1969) calculated the twenty-five year mean 


runoff of the Yellowknife River to be 3.03 inches. 


on a water year basis. 


This was 


It may be noted that the runoff from 


the Yellowknife River during the period 1968-1972 appears to 


have been significantly above average, 


in sympathy with the larger regi 


indicate that the available Bak 


of a relatively high runoff period. 


annual pre ation stotals wor 


cipis 


1968-72 is very similar to the long 


that the recent above average trend 


is due to upper basin variations in 


tion effectiveness. This reasoning 


1968-72 record for Baker 


ional variations 


er Creek 


Tf Baker Creek behaves 


this would 


ecord is representative 


However the mean of the 


Yellowknife Airport from 


term average suggesting 


in Yellowknife river runoff 
precipitation or precipita- 
also indicates that the 


soodad indicator of average 
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conditions rather than of a particularly wet or dry period. 
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LAKE EVAPORATION: 

The survey of lake surface temperature patterns was 
undertaken to allow application of a semi-empirical equation 
to obtain estimates of evaporation. The coarseness of the 
sample in the time dimension and the natural variability of 
the parameter resulted in a relatively wide scatter of points 
when the temperatures were plotted for each lake over the 
summer period. Broad trends were revealed however and it 
was possible to extrapolate tentative mean monthly lake sur- 
face temperatures. Some check on the rather crude estimates 
provided by this procedure was possi ible in the case of Kam 
and Grace Lakes by utilising the temperature-depth profile 
data collected by the Freshwater Institute researchers, Toe 
latter data were believed to be capable of providing rather 
more accurate estimates of monthly ans because of the 
information the profiles provided on the behaviour OF he 
hypolimnion and the thermocline in @ach lake. An apprecia- 
tion of this behaviour aids in distinguishing the monthly 
pattern from the influence of daily variations Een a 
certain element of dubious extrapolation is earaindas As a 
result of this check good agreement was obtained for July 
and August between the monthly means ex 2ae olated from the 
thermometer plots and those from the depth-temperature 
profile data, Study of the profiles for June indicated tHe 


influences of differences in depth w which had not been 


0 


sufficiently allowed for in the first set of 


The latter process is based on an assumption of a broad direct 
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relationship between lake area and lake depth and hence lake 
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volume. Although Kam lake has a much larger area than Grace 
Lake the depth information indicates that Grace hake 
contains a greater volume of water. Grace Lake was seen 
to be slightly cooler than Kam Lake rather than the reverse 
having been the case, Some adjustment to the original 
extrapolated values was necessary in view of this finding 
and it is possible that depth factors may similarly operate 
at other lakes though no data exist which could act as a 
guide for adjustments. It may also be noted that the pro- 
file data for Frame Lake, which was not monitored in the 
present study were observed to agree well with the extra- 
polated values for the adjacent and apparently similar Stock 
Lake, 

The results of the lake surface temperature studies are 
presented in Table 5-9. This table contains an estimate of 


the approximate surface area of each lake. It also includes 


@O 


the monthly evaporation computed from the equation used by 
Richards and Webb (1971, p 7). Inputs to the equation were 
estimated mean monthly lake surface temperatures and climato- 
logical data on wind speed and vapour pressure of the air 

for Yellowknife Airport meteorological station. 4s timated 
totals of evaporation include two inches to cover evaporation 
during May and September, This estimate is probably too 

low for Grace, Walsh and Prosperous Lakes since late season 
evaporation will largely compensate for the low early season 
evaporation and reduce the disparity with seasonal evapor- 
ation totals for other lakes in the basin. 


The level of lake temperatures during the three main 
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summer months for the medium-sized lakes in the sample are 
generally about five degrees higher than mean air temperatures 
for the same period, This trend is consistent with that 
reported by Webb (1973). ‘The table shows that the smaller 

or shallower lakes such as Pocket, Vee, Stock and Frame 
warmed up relatively quickly in June attaining a mean 
temperature of 60°F or more in this month. The larger or 
deeper lakes such as Prosperous and Walsh lagged the smaller 
lakes by about 10-15° in June. The degree of lag between 
these two groups lessened considerably during July and almost 
vanished in August. It should be remembered that in all the 
gummer months temperatures were above normal, including May, 
and were particularly so in June and August, Pe we therefore 
probable that the lake surface temperature would be a few 
degrees lower in the statistical ‘average' year. This 
observation would also result in reduced evaporation a vue 
average year by comparison with the pattern for the summer of 
1972. The exact magnitude of the reduction is uncertain. It 
would however bring the seasonal totals of evaporation to 
Levels closer to those found for the northern lakes in the 
Northern Ontario project. (Richards and Webb, 1972). <Itis 
felt that even after a reduction for average conditions the 
temperature results from the present study would remain 
slightly greater. Part of the reason for this conclusion is 
that the lakes sampled in the present study were mostly much 
smaller than the Ontario sample mentioned in the literature 


review, This pattern of relatively small lakes is typical 
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of almost the whole of Baker Creek basin. It may be 
remembered that the results for the northern Northern Ontario 
lakes corresponded well with those suggested by Ferguson, 
O'Neill and Cork (1970). ‘This latter study claimed to present 
free water evaporation estimates for gmall lakes in which heat 
storage effects are small by comparison with direct, 

immediate heat exchange with the atmosphere, The Ontario 
lakes studied appear, in relation to the present study 

sample, to have been relatively large in size reducing the 
likelihood that heat storage effects were negligible. It is 
probable therefore that smaller Lakes in Northern Ontario have 
greater evaporation than is suggested by the study and that 
true free water evaporation estimates for the region should be 
greater than is indicated by Ferguson, O'Neill and Cork (1970). 
Since the Northern Ontario region was mapped by the latter 
group to lie between the same isolines (12-16 inches), 
(Figure 3-1) as the present study area it seems reasonable 

Be esnsyedt that estimates for it will also be low. The results 
presented in Table 5-9 bear this suspicion out. Further 
support may be obtained from the Class 'A' pan results 

(Table 5-5). 

The relatively rapid warming of the lakes early in the 
evaporation season appears to give support to the pelief that 
solar radiation is an important factor in the heat balance of 
the lakes in the study area just prior to break-up. This 
would also support the concomitant contention that white ice 


or bubbly ice development on the lakes is not important and 
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that the extinction coefficients of the ice covers is 
relatively low permitting the penetration of a large proportion 
of the solar radiation, This hypothesis needs further testing 
however since the warm conditions during May 1972 may have 

been a significant factor in the rapid warming. 

The rapid warming pattern also contributes to lessen the 
likelihood of significant condensation influences on the 
larger lakes at least for this particular year. Condensation 
may be expected to be most favoured during the period late 
April to early June in the study area. At this time the large 
heat storage capacity of the larger lakes might be expected to 
contribute to slow the warming of the lakes and contribute to 
relatively low surface temperatures which approach the 
reigning dew point temperatures. The actual likelihood of 
this correspondence occurring may be guaged for June from 
Table 5-10 where mean dew point and air temperatures for four 
times of the day during the month over the past six summers 
are presented, The highest dew point temperature, 41°R, is 
well below the estimated June 1972 mean for the surface 
temperature of Prosperous Lake (48°R) which is the largest 
lake in the region, Even allowing for the fact that May and 
June 1972 were relatively warm it is unlikely that average 
temperatures would result in conditions favouring condensation, 
Baker Creek basin is dominated by lakes very much smaller than 
Prosperous Lake in size and it may be safely assumed that 


condensation onto these lakes in June at least is negligible. 
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The June comparison has been performed because of the 
availability of surface temperatures for this month, Since 
the lakes in Baker Creek basin tend to open earlier than 
the larger lakes it is possible that they could experience 
noteworthy condensation gains in late April and early May. 
However they appear to warm up so quickly that significant 
gains would be precluded. This whole aspect needs much further 
investigation however utilising ground surface air temperatures 
instead of those from the Stevenson Screen level. 

The Water Survey lake level seeords for the station on 
Pocket Lake (No. O7SBO08) provide a means of estimating 
evaporation without having to resort toebroblematic empirical 
formulae and lake surface temperatures. The method is not 
without its own problems however, Assumptions have to be made 
with regard to an allowance for inflow into the basin from the 
surrounding land. (Pocket Lake basin is 36 percent lake 
surface). Similarly allowance has to be made for seepage out 
of the bottom or sides of the lake, The precipitation records 
for Yellowknife Airport have to be accepted as representative 
of Pocket Lake basin. In interpreting the lake level records 
an important point is to establish the overflow level and if 
possible to make an allowance for overflow bfadtvoeccurs®inea 
month for which an evaporation estimate is desired, With 
reference to this point it was not possible to detemmine the 
overflow level exactly. It is known from Water Survey records 
that no flow occurred from 1967 -~ 1969. Overflow is most 


likely to have occurred during breakup in 1970, 1971 and 
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possibly 1972. However, because of gaps in the records the 
lake level peaks for these periods are not known. No flow 
was observed by this writer during field reconnaissance at 

the end of May, 1972. ‘The channel immediately below the lake 
outlet showed signs of recent moderate flow conditions. A 
backward projection was made of the summer gradient expressing 
the fall in lake level from when records were available. This 
indicated that during the period of breakup the lake level was 
about 97.55 feet above the datum at Great Slave Lake (See 
Figure 5-8). In view of the evidence indicating slight over- 
flow in the outlet channel it appears that this level is a 
close approximation of the overflow level. 

Missing records preclude an evaluation of the influence 
of overflow amounts on the monthly water balance of the lake. 
This lack is not serious however since the influence may only 
be expected to be significant during parts of April and May 
in certain high level years and evaporation in these periods 
is probably relatively low. Lake levels for the beginning of 
June in every year were below the estimated overflow level, and 
hence no allowance has been made for its.influence. 

The influence of inflow into Pocket Lake from the 
surrounding basin will be conditioned by the amount, frequency 
and intensity of precipitation, the proportion of bedrock- 
dominated areas with low water retention capacities; the 
proportion of vegetated depressions with high retention 
capacities; the mutual distribution of the latter two surface 


types; and the intensity of evaporation from the basin. 
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During the period June to September the average pre- 
cipitation is about five inches. Large deviations from this 
average may be expected in any year which may usually be 
related to a particularly wet or dry fall period. The preci- 
pitation is usually moderate in frequency and light in intensity, 
most events yielding less than 0.25 inches, The detention 
capacity of-almost all surfaces in the basin can absorb such 
amounts very easily. However, in the abnormally wet months 
two or three intensive and high yielding storms will be 
responsible for over 80 percent of that month's precipitation. 
Such may be the intensity of the storms that detention capac- 
ities will be exceeded and runoff into the lake may be anti- 
cipated. In most cases there will be adequate capacity in 
the vegetated moss-tree covered depressions to absorb the 
highest yielding storms, These surfaces will also probably be 
capable of absorbing some runoff from adjacent bedrock 
dominated surfaces. As a result significant inflow to the 
lake may be expected only with relatively high yielding storms 
of 0.50 inches or more and only from pedrock-dominated surfaces 
immediately adjacent to the lake where no intervening muskegs 
may intercept the runoff, The area of bedrock surfaces 
draining directly into Pocket Lake may be stimated at 

approximately 10 percent of the total basin. It will probably 
vary greatly depending on the level and intensity of the 
precipitation events. Therefore, even for an intensive 
precipitation event a adine say an inch, over the basin as a 


whole, runoff into the lake might only add 0.10 inches to the 
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one inch rise in level caused by precipitation directly onto 
the lake. Sprinkler runoff experiments conducted by A. G. 
Landals in July 1968 over very small basins in Baker Creek 
basin produced evidence indicating support for the comments 
Pate above. (Personal Communicatian, June 27th, 1973). 

High rates of evaporation from the bedrock surfaces are 
possible as a result. of the dry, warm and breezy conditions 
which generally persist between the isolated precipitation 
events. As a result the detention storage of these surfaces 
are probably close to maximum levels just prior to the 
events. 

This discussion has indicated that inflow into the lake 
from the surrounding basin will be very low, becoming 
Significant only during the high yielding intensive storms, 
The latter are relatively rare in the study area, but in the 
odd month they can be very prominent eg. August 1969, 1970, 
‘1971: September 1968, 1972.. A greater allowance for the 
influence of inflow into the lake would have to be made in 
these months whereas in most months the influence could be 
assumed to be almost negligible. In the following estimation 
of Pocket Lake evaporation from lake level records, inflow 
during relatively normal precipitation months was arbitrarily 
assumed to be 5 percent of the monthly precipitation. During 


months in which one or more storms occurred precipitating in 


~ 


excess of 0.50 inches the upward adjustment adopted was 15 
percent of monthly precipitation, If over two inches of 


monthly precipitation appeared to be associated with only one 
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or two storms the adjustment was +20 percent and +30 percent 
if over three inches occurred. The latter three classes of 
adjustment were noted to affect only 25 percent of the months 
surveyed. Appendix B was used as the guide for adjustments. 
The adjustment procedure could be further refined but a brief 
error analysis indicates that this would have only a small 
effect on the final evaporation estimate. 

Seepage losses from the bottomand sides of the lake are 
probably very low since the lake is bounded on almost all 
sides by granite bedrock. It is also likely that the bottom 
of the lake and the parts of the boundary where rock is absent 
are plugged by fine glacio-lacustrine sediments. Such 
sediments were noted as comprising the banks of the artificial 
channel just below the outlet of Pocket Lake. I% is therefore 
suggested that seepage losses are virtually negligible, The 
magnitude of the losses that might occur is probably equalled 
by the likely undercatch of precipitation by the rain guage 
at Yellowknife Airport and no adjustment has been made for 
the latter possibility in the evaporation calculations. If it 
is proved to be necessary however the summer evaporation total 
would be altered by a relatively small amount (approximately 
0.50 inches in the average year). 

In the light of the above discussion summer evaporation 
may be estimated from the following simple equation. 

Summer Evaporation = Precipitation on Pocket Lake + Net 
change in level of lake + Inflow. 


The equation was applied to data derived in part from the 
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changes in lake level from 1967 to 1972 presented in Figure 
5-8, The results of applying this equation to data for 
Pocket Lake over this period is presented in Table 5-ll. 

The table indicates large variations in evaporation from 
year to year particularly in August and September. Since 
these are the months when abnormally high rainfall has tended 
to occur during the past six years it is possible that the 
inflow adjustment has been too low for heavy precipitation 
months. The low August values in 1968 and 1969 can be explained 
in strong part by the relatively low mean monthly temperatures 
in those months, Also 2 disproportionately high number of 
days in these months were rainy with accompanying conditions 
which did not favour a high rate of evaporation. The year 
to year variability in the September totals can also be 
explained by large temperature and precipitation differences 
from normal, but the effect of snow precipitation and ice 
conditions in some years is an added complicating factor which 
could not be determined exactly. 

it is believed that the total evaporation for June, July 
and August in each year represents a good estimate of 
evaporation for the main summer period. The six-year mean 
evaporation for this period is 11.03 inches, Total lake 
evaporation for any one year could be obtained by adding two 
to five inches depending on the particular early and Late 
season conditions. In the case of 1972 with slightly above 
average temperatures in May and a very cold second half of 


ath 


September an increase of about 2.50 inches seems justified. 
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FIGURE 5-8: CHANGES IN LEVEL OF POCKET LAKE, 1967-1972 
Source: Surface Water Data, Water Survey of Canada, 
Environment Canada. 

N.B. Levels are in feetand referto a datum at Giant 
Yellowknife Mine atthe edge of Great Slave Lake. 


Dashed lines represent gaps in the available record. 
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This would result in : seasonal total evaporation for Pocket 
Lake of about 16.2 inches, Average year conditions would 
probably result in this total being quite close to the 14 
inches published estimate by Ferguson, O'Neill and Cork (1970). 
When compared with the evaporation totals aan from 
the lake surface temperature surveys and the semi-empirical 
equation the above evaporation estimates for Pocket Lake in 
1972 are seen to be significantly lower, The June to August 
total by the former method was 16.1 inches compared with 13.71 
inches determined using the lake level records, The latter 
results are believed to be slightly more aceurate because of 
the greater scope for significant errors associated with the 
higher value. A prime factor in this respect is the probable 
unrepresentativeness of Yellowknife Airport wind speed and 
vapour pressure data for conditions over Pocket Lake, ‘The 
steep, high rock walls bounding this small lake can be 
expected to shelter the surface from the wind. The airport 
site is on the other hand very exposed, The vapour pressure 


abe 


of the air over the lake is probably slightly greater on 

average than the air over the dry beach ridge airport site. 

There is also the possibility that the surface water temperature 

means were overestimated, again partly as a result of insufficient 

allowance for the depth factor. For its small size Pocket Lake 
appears to be quite deep although no precise observations are 

yailable., Allowance for these points in applying the 
formulaic method would result in lower levels of evaporation 


for Pocket Lake which would be closer +9 that determined from 
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the lake level records. 

rhe extrapolated mean monthly evaporation estimates 
provided by Ferguson, O'Neill and Cork (1970), Bruce and 
Weisman (1967), the Class 'A' pan 7 year mean values (Table 
5-5), and the 6 year mean monthly evaporation estimated for 
Pocket Lake from lake level records are presented in Table 
5-12, It should be noted that Pocket Lake is almost, but not 
quite because of its apparent relative depth, representative 
of small lakes with negligible heat storage. It is this 
category of lake only that is covered by the two published 
sets of estimates, Although the latter two sources indicate 
similar totals of evaporation the extrapolated monthly means 
possess different regimes. This reflects the attempt by 
Ferguson et.al (1970) to incorporate early season ice cover 
effects, The Clags 'A' pan means are significantly higher, 
particularly in June and July, by comparison with the other 
estimates, It is indicated later that the pan data may reflect 
actual local advection effects but that the magnitude of the > 
effect may not be quite so great as the pan data suggest. The 
published sets of estimates yield erratic comparisons with 
Pocket Lake data and it seems that neither can be relied upon 
as being truly indicative of small lake evaporation patterns 
in the study area. Some general comments may be offered 
however in the hope of fixing upon a satisfactory compromise 
position, 

The evidence for relatively rapid warming of the lakes in 


the study region because of the influence of solar radiation 
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indicates that Ferguson, O'Neill and Cork (1970) were over- 
cautious in allowing for ice cover effects. The estimate 

for May by Bruce and Weisman seems too high however since 

2.8 inches of evaporation would, from the formula, correspond 
with mean lake surface temperatures for the whole of May of 
approximately 55°R although use of an average temperature in 
a month Be renda temperature change is questionable. This 
value seems too high by 5 to 10°F and allowance for this 
would lower Bruce and Weisman estimate, It is suggested 

that 1,40 inches would be a good compromise for May. 

The Pocket Lake mean for June appears high by comparison 
with the published estimates but this situation can be 
defended on advection grounds. Much advective energy appears 
to be generated in the summer in the study area as a result 
of the low rate of utilization of available radiant energy 
by evaporation or evapotranspiration over the bedrock and 
some vegetative surfaces surrounding the basin. This point 
will be explained in a later section of this chapter. 

The Pocket Lake July mean is probably the most accurate 
of the monthly estimates because it was derived from the 
section of the lake level records where possible overflow 
influences were definitely absent. Also July precipitation 
variations are much more conservative than is the case for 
August and September. 

The Pocket Lake mean for August is very low by 
comparison with other estimates and it is ssible that inflow 


po 
influences during August 1969 and August 1970 wnen precipitation 
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was abnormally high, have been underestimated. Ferguson et 
al's estimate appears rather high on the grounds that 
available net radiation estimates for this month (Hay 1970) 
correspond to evaporating powers of just over three inches, 
Tt 43 therefore suggested that for August a more satisfactory 
compromise mean for small lakes in the study area would be 
about 3.20 inches. 

During September the published sources and the Pocket Lake 
mean value agree best. It is therefore suggested that 1.40 
inches is a good approximation for this month, This is about 
0.50 inches above that likely according to Hay's net radiation 
estimation for this month. However the extra evaporation is 
justified on the basis of heat previously stored in the lake 
being released during this period, partly by evaporation. 

The result of the compromise analysis has been added 
at the foot of Table 5-12. The annual total is 15.40 inches. 
Since Pocket Lake is quite deep and sheltered by comparison 
with most other small lakes in the basin it is suggested that 
true small lake evaporation in the basin might range between 
16 and 18 inches although later evidence indicates that 18 
inches is a plausible basin mean, 

Data plots for the change in level of the pools are 
presented in Figure 5-9. Plates 5-2a and 5—-2b indicate the 
changes in Pl over two months. It should be noted prior to 
interpretation that the measurements were not made at regular 


times through the day and that a few days were missed due to 


a ME We en Wat? poss 
$2 coumgzxe% .botambteersbas 99 ovad Te 
tard abanony ont ao. Meta nenten om | 
cay Pap oN 


(OTEL yak) dd mn plat 20% estaaitee eo. sib) aap rf 2 
Pega é ie! 


Geclont sett 190 tant to ar9 404 ‘gaitsroqeys. 


7) wth Vee 


yineweteifies otom 8 sewegMa tot tent: botangawe, srotere rag 
od Biwow asta Boye edt oh avats £ ffeno sol nesm 9B! 


Pee | mi | soedont, O86 

Jat tedooT ed? Bas esoreoe bade tog bind teeerreee air ber. 
O4.[1 dads Soteoguue soto tents ak i: ta9d voxge 00 outed 
yoda Bl abdtT .dinom ebay ot noitamixongas boog, ry eb 
ieiteltes Fact a’ yal o¢ goibzo00s pleat teat evode Be. i 
eit achioversvs sttys eis serewor td cot ably <ot mols 2 | 
egal ety of bexete >< fawolverrd tsed To etesd ost ae 
mottaxogeve yi +iiaag bolieg ath gatsub hoamo for 
babhs: gand exist biay tens 98 inoxgmoo ont to “Fiweos ie 
codon Ob.2 ef fated Esunne of? 48ine olde? So root | 
f" sa bnetimno, rd besed inde 6 Sos qsen, ottinp at o2led seindt al 
jadi Sete spat aL 2S fiasd eta od eodal iieae edt ‘feo + i 
ewied- syne Juigza nine’ ant at foltsxoqsve edal an 


Sf tet Astasgint eombtes retest dguort Le dodont athe UE 
“ ae; = 


le 


ve 
ae 
ty / 
. 


9 ALOT mt aed sid tesslg ae 


BK ) - ne t f Le oy : oi 
= Ga AR Pilla : MOTT AROTAVS 
‘iy id oe q 7 ns cs ae e 


pha waning 4 to. Saved ab eyisco ‘odt wor atalg sian : 
\ ‘se ton ey 
edd etaaliot GS-2 Sah i=? overt 8 eats att 
aGr j By 
» s A pO EtG | hot on 9d heguaian oe sit aom biel 7 aVv0 _& a OL Ras we 


om Se 
af gra. de. ehon ton ates: ade ae i 


wet 5 


q 
vee * 


of sy Seanke pues ey 


yr an re rae 
PL 


say iP A RSE SEE SEN SI SETTER . Te 


Ot ¢ Of SZ 0% Gl ol S 
MINS PePHq « 


(2) 
ee) 
@ 
yy 
™ 


‘suOHDAIESGO piety 4% oz 


: com 


9 
“Sw 


:@01NOS | 


is) 
3 
2 


c9 


9 
e 
ie) 
£2. 
SES SATE LT RIPE LIS arn 


AE REPENS LES AS RAT EIN TEESE 


Se Ol 
‘CLOL AAWWNS 
‘Vauv AGNLS 

S$100d TIVWS 4O 


1HA3a1 NI SHONVHD 
6S ANDI 


a: 


Heater Of) =k "OL oS be Sa oe SL eee ee toe 


eee OE LRT PN Ie 


ino pag : 


r) a” 
ca Se 
t e 
JNO Pesg 
e 


| 


OZ 
Gl 


Ol 


a) 


SE EAT ESE TICS TS BETIS 7s 
9 
Dd 
J 
® 
® 
® 

wy 4 
Ds ; 

i "stud 
ite ASE SEES BESTS STTP SCE SEES TD 


: 
y 


~ 
g 
= 
wy 
5 
~ 
wed 
Ai 
a 
¥ 
”“ 
’ 
tid 
— 
4 


22 aquoR! a eae ee ae . 
43V3! Ul 240KAHD | | ire.  -~ ae BO oe oe 


=>} BIGOT JIAM2 AO 4 Pee ce = 
-  f* “Agana youTe ~ j* | “ = : 7 a 
sxet SSMMiL2 ni 7 Pes - = ” * ” 
ae Vs 4 sa = 
3 %Vvo0C ji ; ‘ ; ‘ 
4. : : t 
ot 4 m ; ; 
ancilovisedO bleA at j ee ak rte i _ 
| ; | ae = : 
Pod # é = 
ic Nat a ee 


nS 
_ 


hie | 
Winn ‘ie 
Den: 4 


soo 


tx 


STOk ext 


i whic ‘ba wol¥ 
ASOD Dae Femyvs) ats 
ee 3 | Slob tel on be 802 
¥iaolcowd woe 2 at gitionl, naiey sdqa'saycid Ot i 
=f ; I ytolg garth a 


: 1 


nee f ‘ - a 
Shur) 2% 
am 


Plate 5-2: View of part of Pool 1, -2an(June ora 2> 7 
~— Te)  2by GMeed Sram ee 
See also Plate 4-12. 
Photographs taken facing in a Southwesterly 
direction. 


209 


the impassability of the road. This latter restriction 
applied usually after a significant storm so that the true 
magnitude of the storm's effect on level change may have been 
under-represented slightly. Therefore it is not valid to 
accept a line linking two plotted points as being indicative 
of the exact pattern of water level variation for the period. 
Despite these qualifications it is believed that the proad 
natural trends are faithfully reproduced for their present 
purpose, 

Certain assumptions must be made before the plots can be 
interpreted with an evaporation focus. Seepage through the 
bottom of the pools is assumed to be very low or negligible. 
This seems to be a particularly safe assumption for Pl since 
there ig a good possibility that the permafrost conditions 
present for the surrounding area extend under this large 
pool, During their existence the pools at the sedge meadow 
site are also underlain by permafrost at a shaliow depth 
indicating negligible bottom seepage at these pools also. 

Tt is true that the sedge meadow is a drainage site raising the 
possibility of horizontal seepage. However the main drainage 
course through the meadow is about 100 metres distant from the 
sites and this fact tends to minimise the possibility of 
horizontal seepage. 

The date vlots provide some interesting information on 
moisture gradient and local advection influences in the study 
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In terms of moisture gradients it was interesting to 
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compare the changes in level associated with a series of 
precipitation events. During the late June wet spell 
approximately 4.5 ems. of rain ’fell. The level of Pl sone. 

on average by just over this amount. At P4 and P5 the levels 
rose by double the precipitation amount. The multi-peaking 
pattern associated with this series of rain events was 
accentuated at these two sites because of their small size by 
comparison with Pl. Overall however it may be observed that 
Levels roge in close sympathy with precipitation inputs during 
this period. It will be noted later that soil moisture tended 
tosbe well above field capacity during this period. 

A different pattern occurred in association with the rain 
event on July 28/29 when approximately 2 cms, of precipitation 
fell in a period of about twelve hours, The meadow pool sites 
had dried out by this time and no effect of the heavy 
precipitation was observed. Soil moisture levels were well 
below field capacity at this time and were able to absorb the 
precipitation readily. At Pl the 2 cms, of precipitation 
produced a 30 cm, rise in level of the lake indicating 
considerable inflow from an extensive pool catchment area. 
Just prior to this storm Pl reached its lowest level of the 
season, approximately eight feet below initial levels. Moisture 
gradients were therefore well developed and it appears that 
surplus moisture travelled along them rapidly to the pool. 

During a rainy period from about August 7-9th 0.50 cms. 
of precipitation resulted in a 3 cm. rise in level, It is 


reasonable to expect less well-developed gradients at this 
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time since the level was not as low as just prior to the late 
July storm. Lower levels occurred just prior to the August 
19th rain event however when one em. of precipitation fell 
and Pl rose by about 12 cms. 

These observations point to the existence of well 
developed moisture gradients under the bog surfaces surrounding 
the lakes in the latter part of the summer. It is possible 
that this situation was favoured by the silty, sandy mineral 
soil conditions which were observed at the bottom of the 
pool as it dried out. The exact depth relations of the 
organic and mineral soil layers under the surrounding bog 
surface is not known. It is probably in order however to 
caution against extension of the results from Pl to sites 
where the organic layer is dominant and where less efficient 
moisture gradients may be expected to develop. 

It was possible to deduce tentative evaporation rates 
from the pools during periods when precipitation was absent 
or negligible. ‘The results of this procedure are summarised 
in Table 5-13. The quality of these results depends on the 
negligible seepage assumptions. If these assumptions are valid 
the rates shown in the table are significantly higher than 
those which may be estimated from available net radiation 
data (Hay 1970). These latter data indicate that approximate 
evaporation rates for the pools would be: June 0.50 cms. per 
day, (0.20 inches per day); July 0.40 ems. per day, (0.15 
inches per day); August 0.30 eat per day, (0.12 einches per 


day). These rates imply that substantial local advection 
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adnfluences are present for the pools,. particularly Pl. 

It may be noted that, during June, rates of evaporation 
for the sedge meadow pools are about half of those found at 
Pl. This may be a logical function of the greater size and 
exposure of Pl. However it is possible that seepage is an 
important factor in causing the large falls in level from 
which the evaporation rates were inferred. The mineral soil 
conditions present at Pl increase the likelihood of this being 
the case, especially if permafrost conditions do not extend 
below the pool. Even if seepage is important however the 
discrepancy between rates corrected for seepage loss and the 
net radiation equivalent rates would still be significant. 
Local advection may therefore well be an important factor for 
consideration, 

Local advection may be considered as the exchange of 
energy and moisture due to horizontal heterogeneity of the 
surface, Philip (1959, p 535) has noted that the neglect of 
advection has tended to vitiate many attempts to treat the 
problem of natural evaporation. He believes there is a logical 
flaw in treating the humidity and temperature of the air solely 
as the cause of evaporation at the underlying surface. To 
him they are equally the consequences of the upwind 
evaporation and energy conditions. Rider and Philip (1960) 
indicate that the most important factoz operating in advective 
evaporative effects is the change in the partition of 
available energy between the sensible heat and latent hea 


term, In other words, wherever advection arises from changes 
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in availability of water for evaporation it is attended by 
a sudden (spatial) change in the Bowen ratio. 
It is believed that in the present study area, because 
of the intricate mosaic of surface relations, local advection 
effects could be a significant aspect of the water balance. 
This belief is accentuated by the very low levels of water 
availability indicated for bedrock dominated surfaces for much 
of the summer period. Also, results from a later section 
indicate that water availability through many of the vegetated 
surfaces in the region is low despite moist underfoot conditions. 
Rider, Philip, and Bradley (1963) have reported a critical 
micrometeorological study of advection influences over a dis- 
continuity between a dry paved concrete runway and a well- 


4 


watered grass plot. They derived a quantity, R/LD.w. which 

was a generous upper limit to the evaporation rate from a 

large area free from advective effects exhibiting the general 
properties of the grass plot under the prevailing radiation 
balance. This quantity was in effect an estimate of the rate 
which would have occurred under the same conditions from an 

area of infinite extent. They derived a set of ratios which 
gave an index of the magnitude of the evaporative advective 
effects, integrated for certain distances from the discontinuity, 
in relation to R/lp.w.: This set of ratios was 

Eo.1.00 aie. oi E9400 ahaa BE .0-1600 cms.,.: Rolie pywead.] 3.2.5 
gel ge 


(Rider, Philip and Bradley 1963, p 529). 
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The authors felt that this was a. conservative index, Therefore 
it is likely that the boundary zone experiencing advective 
effects could be greater than sixteen meters. It is possible 
that similar boundary zone influences occur in the present 
study area. Since the lake distribution is one of very many 
small lakes rather than a few large ones the potential for this 
influence being significant is increased. 

These comments must be taken more as hypotheses to be 
tested by future research rather than established patterns. 
The argument does however appear to explain in large part the 
high rates of evaporation apparent at Pl. Also the moisture 
gradient conclusions suggest that availability of water under 
the bog vegetation surrounding ‘the pools is particularly 


limited. 


NT RADIATION 

Daily radiation totals obtained from the net radiometer 
at the Muskeg site (YT2) are presented in Table 5-14. The 
accuracy of these values are in doubt to the extent that no 
correlations with other parameters have been attempted. in 
the analysis use was made of the more reliable monthly means 
of daily net radiation. These are presented in Table 5-15 
with other available estimates for these months. It may be 
noted that the results obtained in the present study compare 
quite well with published estimates. Since the latter are 
annual averages it would be helpful to.have some estimate 


of the representativeness of the results for the summer of 1972. 


It has already been noted that this period was warmer than 
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TABLE 5-14. eet | 


DAILY TOTALS OF NET RADIATION AT YT 2. 
June-August 1972. 


(Cals. per sq.cm.) 


Day of month june July August 
] 156 94 
fs 324 228 
cs 263 186 
A 304 226 
e) 20/7 T25 
6 installed 309 205 
ie 380 260 73 
8 385 sy) 188 
9 29 | 222 58 
10 390 250 197 
1] 326 283 152 
i2 195 287 173 
13 267 153 
14 300 104 
15 308 302 168 
16 330 230 160 
Ty 318 293 159 
18 283 2659 152 
19 306 205 a2 
20 351 240 154 
2) 310 214 168 
22 298 244 © 17 
ja 314 236 95 
24 209 213 124 
Zo 76 234 100 
26 30 
Ia 268 
28 96 
29 
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TABLE 5-15 


Selected estimates of monthly 
mean net radiation (cals. sq. em./day) 


for the study area. 


Wendland (1967) June 
1960 M 
196% 232 
1962 339 
1963 306 


Mean ( 1960-1963) 298 


Wendland (1965) 
reported in Hay 

(1970) with 35 cals. 
sq. em./day added 

for regional represent- 
ativeness,. | 


Do) 


without +35 300 
Hay (1970 296 
Budyko (1963) re | 


Present study (Y22) 282 


June ~— August. 


July August 
M 140 
299 Aes. 
267 192 
280 216 
261 Lie 
200 2iD 
260 180 
249 oS 
226 ol 
258 148 
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normal, however temperature is not a good sole indicator of 
net radiation patterns. Sunshine records are available for 
Yellowknife Airport only since 1970 (Table 5-16). The data 
indicate that the summer of 1972 was relatively sunny, 
particularly in July and August. lt is possible therefore 
that in the average year the values could be slightly lower 
than in 1972 for July and August and higher for June. such 
adjustments would result in values which are most consistent 
with estimates by Hay (1970) rather than those by Budyko and 
Wendland. 

It is important to be aware of the merits and demerits 
of the published estimates of net radiation. Comments here 
are confined to an evaluation of the estimates by Hay and 
Wendland. It is anticipated that in general comments on the 
research by Hay also apply to that of Budyko although the 
Latter study was on a global or hemisphere scale compared to 
the regional scale of Hay (Hayyene70y, pr22): 

Hay (1970) derived his estimates by means of a computa- 
tional model, using climatological data to compute the 
radiative fluxes for a particular location. His use of 
monthly mean values assumed no excessive biasing in the results, 
He was able to prove this assumption to be valid for Toronto 
Scarborough where records were best suited for making the 
check. It is possible that ina contrasting climatic situation 
such as for the present study area that the assumption might 
not be valid. Because of constraints on the climatological 


data acquisition Hay calculated his values from data for the 
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period 1957-1964 inclusive, If this period was not represent— 
ative of average conditions in the present study area then 
Hay's estimates for this location would not be suitable as 
means. There is also the question of the representativeness 
of Yellowknife Airport data for the surrounding terrain. . For 
certain model inputs such as sunshine and cloudiness Factors 
this question is probably not serious; however spatial air 
and surface temperature variations may well be significant 
and affect the model estimates. 

Hay +( 1970; ap 160-62) has attempted his own evaluation of 
the difference between his own and Wendland's estimates as 
noted earlier. Hay's argument in favour of his own estimates 
is accepted although reservations remain which may only be 
removed by detailed studies invoiving simultaneous measure— 
ment of net radiation at the Airport site and at sites in the 
basin. If such studies were coupled with a re-evaluation of 
Wendland's data a wealth of information on net radiation 
patterns in the study area could be obtained. 

In his comparison Hay added to Wendland's first estimates, 
(Wendland 1965), a correction of 45 eal. ona aay * suggested 
by Wendland for regional representativeness because of 
differences in albedo of the surface over which the radiometer 
was placed and the albedo over the surrounding Boreal Forest. 
This procedure is probably of questionable validity since 
Hay's own estimates are based on Yellowknife Airport data, the 
regional representativeness of which is not established. 


However, Hay noted that even when this correction is omitted 
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the wWendland estimates still indicated higher vatuee of net 
radiation. 

The results obtained in the present study have not been 
corrected for the beam radiation reflection problem which 
aera entail an upward adjustment up to 15 percent in the mean 
values. The practice of not correcting for this problem 
follows that of Wendland (1967, p 3) who felt that because 
of the significant range of accuracy of the instrument the 
additional bias contributed by the reflection problem was not 
worthy of consideration. If incorporated results for both 
the present study and Wendland's would be increased, 

The measurements made by Wendland (1967) were "supposedly 
made over a somewhat sandy surface with a few tussocks of 
grass," (Wendland, Personal Communication, April 21, 1973). 
His values which exclude the regional representative correction, 
(and an upward adjustment for the reflection problem), are 
representative of a surface with a relatively high albedo. 
Geiger (1965, p15) has indicated an albedo range ofa tO 
40 percent for sandy soil. For the dry conditions which 
predominate during the summer months at the Yellowknife Airport 
site it is likely that the albedo will average about 25-30 
percent, which is probably the highest albedo likely to be 
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* There is some discrepancy between the estimates of Wendland 
(1967, p 9) and Hay's version of these estimates. Hay 
appears to have rounded off the total obtained by adding 
the correction factor, In the case of the August value an 
arithmetic error appears to have been made, Therefore 
Wendland's own uncorrected estimates should be used, 
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experienced in the region during this period. It is therefore 
logical to expect relatively low net radiation measurements 
over this site. Such results would have been realised if 
Wendland had not omitted "many five.to six hour segments.... 
due to weather conditions " (1965, p 6), when inclement weather 
conditions persisted. It is probable that actual net radiation 
would have been low enough to absorb the regional representa- 
tive factor, and any allowance for the reflection problem, to 
such an extent that resulting values would more closely 
approximate those derived by Hay. 

The above reasoning suggests that the Hay estimates are 
good indications of spatially integrated net radiation patterns 
in the region, Later reasoning, on albedo grounds suggests a 
similar conclusion from results obtained in the present study. 
It may also be noted that Hay found his resuits to be 
compatible with those of Ahnrnsbrak (1968). Therefore in the 
absence of strong evidence to the contrary it may be assumed 
that Hay's estimates are valid regional approximations of net 
radiation. 

In the present study the net radiation was measured at 
the muskeg site. The representativeness of the results gained 
there in relation to the other surfaces of interest may be 
zauged from a consideration of the subarctic albedo patterns 
determined mainly by Davies (1962). 

The study site has been burned over, probably about ten 
years ago. A few charred deadfall may still be observed. The 


dead trees have been stripped of their bark and reflect strongly, 
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this being particularly noticeable under direct sunlight. Also 
many dead trees or branches litter the ground providing good 
reflecting surfaces for radiation perpendicular upon them. 

The green shrub layer has not eee ee sufficiently to 
reduce the exposure of the deadfall (See Plates 4-1, 4-2, 
4-3), As a result of the burn characteristics the albedo of 
this site is relatively high by comparison with most muskeg 
surfaces, Another possible contributing factor to the high 
albedo is the comparatively well-drained conditions. 

According to Davies (1962, p 37-8, 83) the mean 
representative value for the albedo of burns is 12.4 percent. 
Use of this highly specific value is not without risk since a 
wide range occurs. (See Table 3-8), It is accepted however 
since the wide range affects the other sites and averages for 
these have been considered also for ease of analysis in the 
absence of detailed information. Bog, muskeg and water surfaces 
range below this on average while the albedo for the bedrock 
dominated surfaces (the 'tundra’ cover type) ranges to about 
the same magnitude above the burn value. This would indicate 
that the burn site may provide a goodestimate of regionally 
integrated net yadiation. Since the adjustments to the 1972 
measured values to represent average conditions resulted in 
estimates patna se ane with those published by Hay, this 
would indicate that Hay's results are good regional integrations 
of net radiation. 

Other sites of interest in the present study were water 


surfaces, spruce bog and sedge meadow. On an average basis 
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water tends to have the lowest albedo of any surface during 

the summer period, It is certain therefore that net radiation 
at water surfaces was greater than the measurements from the 
muskeg site. Rouse (1973) has noted that net radiation for 

a lake was about 10 percent greater than a lowland swamp and 
about 25 percent greater than for an upland ridge, The lowland 
swamp type was made up of various pog and muskeg terrain whilst 
the upland ridge type comprised lichen woodland/open tundra 
lichen which has a relatively high albedo, averaging 22.1 
percent. On the basis of these differences it may be suggested 
that net radiation for water surfaces is about 10-20 percent 
greater than that measured for the burned over muskeg. 

The main spruce bog investigation gite was not typical 
of the surrounding woodland. This does not appear to be 
critically important since according to Davies (1962, p 83) 
the representative value for pog and muskeg, and closed crown 
forest are quite similar, (9.7 percent and 9.2 percent albedo 
respectively). It may be anticipated that net radiation at this 
gite averaged about 5 to 15 percent greater than that recorded 
at the burn. 

Davies (1962) has provided some estimates of albedo 
derived by ground measurements which indicate that vegetation 
growth on a sedge meadow (and bogs in general) will shade | 
surface water and contribute to raise the albedo. He indicated 
a mean albedo of 16.2 percent for the fringe of the sedge 
meadow (1962, p 78). It is possible that Davies may have 


overestimated the shading effect. Brown (1965, p 22) observed 
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that net radiation values for sedge were higher than the 
darker coloured moss surface on clear days. This suggests 
the occurrence of wet patches on the surface unshaded by the 
vegetation. A similar situation is possible for the sedge 
meadow investigation in Baker Creek since many pools or wet 
depressions were present during much of the summer period. 
The values from YT2 may therefore be applicable to the sedge 
site with little or no adjustment. 

The adjustments suggested above should be applied with 
caution since they are within the range of error anticipated 
for the measurements. The direction of the adjustments is 
probably valid but the magnitude is suspect. 

It is regrettable that so much emphasis has had to be 
placed on the literature in order to derive conclusions for 
the net radiation aspects of the study. It is par icularly 
regrettable since the original research design envisaged that 
field measurements of net radiation patterns over different 
surfaces would be the major thrust of the work in recognition 
of its fundamental importance in evapotranspiration terms. 
Severe instrument problems drastically eurtailed these plans 
however causing a re-orientation of the thesis on much broader 
lines. Repair and recalibration of the instruments would 
permit another attempt at measuring the net radiation patterns 
in the basin at a later date, This would be most desirable as 
a check on the inferences drawn from the literature. ater in 
this chapter an attempt is made to use information from this 


section to derive crude monthly Bowen ratios according to the 
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evapotranspiration losses from the Tee 

Hay's estimates of net radiation for the basin are 
considered to be the best available. If the months of positive 
radiation balance are considered the potential evaporating 
power of the mean monthly net radiation in inches is: April 
1.4: May 4.7; June 5.9; July 5.2; August 3.13; September 0.9, 
(Calculated from Hay 1970, P 160). These values must be 
reduced to allow for snowmelt and positive ground heat flux 
energy utilization. Snowmelt would constitute a moderately 
significant energy sink in the spring months for a short period 
only but ground heat flux is significant in other months, 


perhaps reducing the evaporating power by about 15 percent. 


ACTIVE LAYER DEVELOPMENT 
Some general information on ground heat exchange patterns 
may be derived from the results of monitoring the development 
of the active layer at sites underlain by permafrost. The 
results of the probe measurements at the sedge meadow and 
spruce bog sites are presented in Figure 5-10, “fn addition 
to\ the plot of the 25 point means for each measurement period 
the extreme deep and shallow observations have also been recorded. 
The shallowest observations at both sites occurred in 
the dense woodland or ground birch microsites where shading 
of the surface is most pronounced, It is probable that the 
retarding influence of shading on active layer development is 
reinforced, and perhaps superseded by the insulating effect of 
the thick, loosely compacted moss cover which is also associated 


with the shading vegetation, (Brown, 1965, p 23). At the sedge 
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site the Bryum moss tends to be relatively thin and well 
compacted, resulting in less efficient insulation. ‘The 
combined influence cf better shading and more efficient moss 
insulation provides a likely explanation for the consistently 
shallower active layer development at the spruce bog site. It 
may be noted that this difference would have been accentuated 
if more emphasis had been given to the densely wooded microsite 
which is in effect most representative of conditions in the 
surrounding area. 

The deepest observations were consistently recorded under 
the pool microsites indicating the significance of the 
abundant water as a heat conductor and heat storage medium. 
The sites intermediate between the influence of good shading 
and moss insulation, and highly saturated conditions are well 
represented by the plotted means. Results from frost 
penetrometers installed at the sites in connection with the 
ground temperature studies were found to be good agreement 
with the mean values. Readings from these sites during mid- 
September and early October have been included in Figure 5-10 
in order to indicate the fall trend. Data for the period at 
the commencement of thawing are not available but it is 
probable that this occurred about mid-May. 

The measurements of the depth of active layer development 
can be used to make a rough estimation of energy withdrawn from 
the available net radiation for this purpose. This estimation 
is aided by the high volumetric moisture contents present at 
the two sites under consideration. Monthly estimates of the 


energy consumed by the melting out of the active layer at each 
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Site are presented in Table 5-17. The volumetric soil 
moisture is an approximate mean value abstracted from data 
shown later (Figure 5-12). In the case of the dette ee 
site the values are those for the main site (YT6M). The 
depth of active layer melt was obtained from Figure 5-10 
by subtracting the depth at the beginning of the month from 
that at the end. Because of the high moisture contents it 
was assumed that the energy required to thaw the ground would 
be closely approximated by the energy required to thaw the 
water in the total moss. This can be obtained easily since 
the latent heat of melting of water is 80 cals. per gram. 
The heat necessary has been expressed as a percentage of the 
net radiation measured at the muskeg site for the months in 
question. It is assumed that these results approximate the 
net radiation at the two permafrost sites although it is 
probable that more radiation is received at the spruce bog, 
thus reducing the percentage of net radiation values slightly. 
The results presented in Table 5-17 may be on the low 
side if allowance is made for the small amount of heat nec- 
essary to thaw the organic constituents of the moss. On the 
other hand the results may be too great if the statement of 
Nakano and Brown (1972) applies to the study sites, They have 
noted that: “It is well known that substantial amounts of | 
water remain unfrozen at the freeging point oP eer in five 
grained soils" (Nakano and Brown, 1972,p20). They also mention 


the results of an experiment where more than 50 percent of the 
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[FIGURE 5-11. FIELD CAPACITIES OF THE SURFACE LAYERS. | 
YT2, YT4, YT 6M. 


N.B. Four moisture samples from each layer 
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it is believed to be unlikely that such fluctuations would 
differ markedly from the range indicated by the plots. 

The highest soil moisture values were obtained at YT4 
during June which is also the period when pools were most 
common over its surface, This site appears to dry out 
rapidly however by mid-July. A significant precipitation 
event of about 0.80 inches (2 cms.) in late July did not re- 
sult in rejuvenation as did similar precipitation events in 
late June. 

At the bog site, YTOM, the soil moisture remained slightly 
above field capacity for most of the summer although a def- 
inite downward trend, also found at the other sites can be 
detected, Some plots for YT6S have been included which 
indicate somewhat lower moisture values compared with the 
exposed level site. This difference may be due to the 
microrelief at YT6S which results in relatively dry hummock 
areas accounting for much of the effective evaporating 
surface, intermixed with very wet valleys. 

At YT2 soil moisture values were slightly lower than at 
the other two sites, probably reflecting better drainage 
conditions, but for most of the summer period field 
capacity appears to have been exceeded. 

The high frequency with which moisture contents exceed 
or approximate field capacity at the study sites may be 
noted. When such moisture conditions are met at mid-latitude 
sites under a normal vascular vegetation cover evapotrans— 
piration occurs at the potential rate. This rate is normally 


approximated by the evaporating power of the net radiation. 
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The regimes indicate relatively little change in soil 
moisture in the course of the summer, A slight downward 
trend can be detected for each site but this in effect amounts 
to only a small fraction of an inch of water lost for every 
inch of soil over the three month period. Summer precipitation 
is generally well below that required to meet P.E,. 
demands, The soil moisture necessary to make up the deficit 
could not be wholly supplied by the top few inches of the 
soil, on the basis of the degree of change monitored, but must 
be derived from deeper parts of the soil. As will be shown 
later an appreciation of this fact permits the derivation of 
adjustment factors for the evaporimeter results. These are 
necessary since the cans are relatively shallow and prevent 
the upward supply of moisture from deeper layers from taking 
place, | 

The samples taken from the pits dug to determine soil 
moisture/depth relationships indicated that there was little 
variation in soil moisture with depth at YT4 and YT6M, 
Generally the value for the tep5 inches (12.5 cms.) could be 
taken as a fair representation of the whole profile. 
Individual values deviated from this average by up to 10 percent 
in the case of YT6 and about 5 percent in the case of YT4, 
However the deviations showed no consistent pattern with depth. 
At YT2 the organic surface layer contained much higher soil 
moisture levels than the deeper mineral soil. Values-for the 
latter ranged below the field capacity value determined for the 


mineral soil indicating relatively good drainage at this site 
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at least after the seasonally frozen ground had. thawed out. 
fhe presence of the permafrost table at the other two sites 
contributed to impeded drainage conditions, 

it was not possible to obtain detailed information on 
the influence o: thawing out of the active layer and the 
seasonally frozen zone on storage characteristics and runoff 
patterns, Little definite information is available in the 
literature on the influence of these factors in thes present 
Study area. Sommer and Spence (1968) suggested that the regime 
of the Yellowknife River and other rivers in permafrost areas 
could be explained by the release of moisture upon melting 
of the active layer in response to the summer temperature 
regime, Landals (1971)disputed this by maintaining that the 
nature of the regime is best explained by reference to the 
delaying effect of the lakes and other depression storage. 
MacIver (1971) analysed some of the 50 foot ground temperature 
profile data available for sites within the basin. For the 
_ permafrost sites, (YT4, YT6) he found that the active layer 
thawed to a generally constant depth such that a contribution 
later in the summer to annual streamflow discharge could not 
be expected from such areas. However for the muskeg site (YT2) 
MaciIver found that once the cumulative degree-days over 20° 7 
reaches approximately 3700°F there is an associated increase 
in the rate of depth of thaw. He noted that this degree-day 
total tended to occur in late August and suggested that the 
increased streamflow discharge in the Yellowknife area at this 


time of year appeared to be correlated with this marked increase 
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in the depth of thaw of the muskeg. The proof of this 
relationship is confused by the tendency in recent years 
for heavy rainstorm events to occur in the months of August 
and September, 

The present research indicates no noticeable effect of 
released moisture causing increased runoff. Summer base 
flows tend to be very low. (Figure 5-7). Subsurface runoff 
is not favoured by low topographic gradients and the low water 
transmissability rates associated with peat. It could be 
checked however by means of piezometric transects across 
possible outlet zones. Experience with the evaporimeters, 
reported later, indicates that the upward flow of moisture 
from lower soil layers is a significant source of supply for 
evaporation from the bog and sedge meadow sites. On the other 
hand good drainage conditions were observed at the muskeg site 
once the seasonally frozen zone had thawed out thus counter- 
acting upward flow potential, reducing moisture supply and 
' reducing evapotranspiration despite the existence, as the soil 
moisture results show, of a very moist surface organic layer. 
It is conceivable that sites such as the muskeg (Y722) make up 
a good part of the baseflow in the latter half of the summer, 
EVAPORIMETER STUDIES 

A relatively direct estimate of evaporation/evapotrans—— 
piration for the muskeg, sedge meadow and bog sites was 
obtained by means of the batteries of evaporimeters. The 
detailed records obtained from the evaporimeters may be found 


in Appendix D. In view of the questionable reliability of the 
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evaporimeter results over short measurement periods the data 
presented in Appendix D have been used to derive monthly 
estimates of unadjusted water loss at each site for June, 
July and August 1972. These are presented in Table 5-18. 

The results shown in fable 5-18 indicate very low values 
of water loss by comparison with the values that might be 
expected from net radiation and soil moisture considerations. 
This observation casts doubt on the ability of the evaporimeters 
to adequately simulate natural conditions. It was felt that 
the main deficiency of the evaporimeters related to their 
inadequate representation of natural soil moisture conditions. 
It was found possible to guage the magnitude of this 
deficiency by utilising the soil moisture regime measurements 
and the changes in the weight of the evaporimeters over certain 
periods. 

The evaporimeters contained about one to two inches of 
surface vegetation and about five inches (12.7 cms.) of moist 
soil. The soil moisture measurements were made from samples 
taken in the same five inch deep zone. By noting the volu- 
metric soil moisture content at the beginning and end of a 
certain period it was possible to estimate the net change in 
soil moisture in inches through this zone. The change in 
weight of the evaporimeters in inches of water should 
correspond with that determined from the soil moisture 
measurements if the evaporimeters simulate natural soil moisture 
conditions exactly. 
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If the change in soil moisture is less than the change in 
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weight of the evaporimeters this would indicate that the cans 
prevented the inflow of soil moisture supplies from below 
and laterally. It may be assumed that natural evapotrans- 
piration at the site would be at least as much as that 
calculated for the evaporimeters. However no impediment to 
additional soil moisture supplies would exist under natural 
conditions. The amount by which the inches change in soil 
moisture exceeded the inches moisture change in the weight 
of the evaporimeters may be taken as an indicator of the extra 
evaporation likely to have occurred naturally. 

It is reasonable to expect more additional evaporation 
to have occurred naturally since the less moist environment 
of the evaporimeters would lower their evaporability somewhat. 
It is not possible to judge the precise significance of this 
factor. Baier (1967, p 171-176) has indicated the existence 
of several different schools of thought concerning the relation- 
ship between the availability of soil moisture and actual 
evapotranspiration rates. Most of this debate_has been related 
to agricultural crops. The nature of the relationship for peat/ 
moss conditions does not appear to have been studied in any 
detail. As will be shown below the minimum necessary adjustment 
factor calculated for a one month period at one site was +60 
percent. This corresponds to a 20 percent change in volumetric 
soil moisture for the evaporimeter compared with only a 3 percent 
change under natural conditions during the same period. In 
this case there would appear to be good justification for 


expecting significantly reduced evaporation rates from the 
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evaporimeters by comparison with the natural conditions. 

It is therefore likely that the correct adjustment factor 

would be somewhat greater than +60 percent. This is the 

extreme case however and generally the minimum necessary 
adjustment factors were in the range of -8 to +40 percent 

and the actual changes in moisture are quite small by comparison 
with the absolute amounts involved. 

In one case the change in soil moisture was greater than 
the change in weight of the evaporimeters indicating that the 
cans prevented drainage of surplus moisture to the surrounding 
peat. In this case the difference was subtracted from the 
evaporation calculated from the evaporimeters. 

Monthly and seasonal adjustment factors calculated from a 
comparison of changes in soil moisture and the change in weight 
of the evaporimeters are presented in Table 5-19. The monthly 
values may be considered approximate in view of the degree 
of averaging incorporated into the calculations. The seasonal 
adjustment factors can probably be considered as being 
adequately representative of necessary changes. The results 
presented in table 5-19 indicate the strong influence of the 
shallow evaporimeters in impeding horizontal and vertical soil 
moisture flow. Deeper and larger cans would help to obviate 
this influence. Impedance of soil moisture inflow appears to 
have been the major effect, particularly during June. In this 
month the sites tend to be especially moist because of surplus 
snowmelt runoff detained in small depressions. The melting 


out of the active layer or seasonally frozen zone also 
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contributes moisture and since the unfrozen soil zone is stili 
relatively shallow, drainage of this excess moisture is 
impeded. The influence of the evaporimeters in preventing 
drainage is indicated for July at YT2. This effect is under- 
standable since the seasonally frozen zone at this site 
completely thaws out during July, considerably improving 
natural drainage. The effect continues during August to 

such an extent that the evaporimeters simulate natural 
conditions satisfactorily. At YT6S evaporation demands are 
significantly reduced because of the well-shaded nature of 
the site. The soil moisture reserves contained in the 
evaporimeters are adequate to meet these low demands. 

The results of applying adjustment factors to the 
initial evaporimeter results, (Table 5-18), are presented 
in Table 5-20. It is probable that the values are slightly 
low since the adjustment factors are minimal and do not take 
account of extra evaporation which may have occurred had the 
evaporimeters maintained natural moisture conditions. An 
upward adjustment for undermeasurement of actual precipitation 
by the rain guages at the sites could also be inserted, It 
is felt that the combined effect of introducing these 
adjustments would raise the summer totals of water loss by 
not more than about 10 percent. 

The results obtained from the three main summer months 
have been extended by estimating early and late season 
evaporation during 1972. In May the snow did not clear from 
most sites until about the middle of the month. The second 


half of May was a fairly warm period and the sites would have 
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been very moist as a result of the snowmelt. Evaporation 
trends during June reveal relatively high rates particularly 
early in the month. If projected into May and dampened 
slightly owing to lower net radiation input and the need to 
warm the sites then evaporation values of about 2 to 2.5 cms. 
may be estimated. 

Because of the relatively early arrival of winter 
conditions in mid-September it is improbable that late season 
evaporation was very significant during 1972. The evapori- 
meters were weighed in early October but it was not possible 
to safely estimate evaporation since the previous late August 
weighing because of the difficulties in accurately gauging 
the combined snow and rain precipitation at the sites during 
the period. There was some indication however that evaporation 
was limited to a range of about 1.0 to 1.5 ems. for the month 
of September. 

The results presented in Table 5~20 indicate that despite 
the inclusion of the adjustment factors the levels of 
evaporation still appear to be very low by comparison with that 
which may be anticipated from available net radiation andssoil 
moisture considerations. This conclusion would be only 
slightly weakened if the additional adjustments indicated 
above were incorporated. Alternatively the conclusion could 
be strengthened when it is remembered that conditions during 
the summer of 1972 favoured above average evapotranspiration. 

The highest rates of évapotratispivation occurred at YTOM. 


Moisture conditions at this site were above field capacity for 
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most of the summer. The relatively low albedo favours a high 
level of net radiation input. The dominant moss cover, 
Polytrichum commune, has some vascular tissue (central woody 
axis) making it a relatively efficient medium for moving 
moisture from the basal layers to the surface. It appears to 
have conductive strands like a few other mosses, but it is not 
proven that such strands actually conduct water. (Rouse, 
reporting for K.A. Kershaw, Personal Communication, June 4th, 
1973). The comparatively low evaporation rate areins August 
is probably related to the soil moisture falling below field 
capacity and the relatively low net radiation input. It must 
be stressed that YTOM is not truly representative of the ground 
vegetation of the spruce woodland environment because of 
disturbance effects. A truer representation of evaporation 
from the ground surface of the bog is provided by YT6S, which 
by contrast manifests the lowest rates of evaporation for the 
sites investigated. The major influence appears to be that 
of shading by the relatively dense vegetation considerably 
reducing net radiation input at the ground surface, The moss 
cover is still dominated by Polytrichum Commune, though some 
non-transpiring lichen, Cladonia Chlorophaea is locally 
abundant. Moisture conditions probably remain at or near field 
capacity for most of the summer, 

At YT2 relatively low evaporation rates were observed, 
This site was well-drained by comparison with the others, 
limiting moisture availability to an important degree. The 


dominant moss cover appeared to be Bryums. These mosses are 
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very densely tufted and may be considered as relatively 
inefficient conductors of moisture upwards from the mois 
basal layers. 

A Bryum was also present as the dominant moss understory 
at the sedge meadow site. In effect the moss cover accounts 
for about 80 percent of the ground surface, the stems of the 
Carex making up the remainder. Transpiration through the 
Carex may have been an important component of the total evapo- 
transpiration for the site. It is possible however that the 
relatively cold, poorly aerated and nutrient deficient nature 
of the sedge meadow soil inhibited transpiration as Addison 
(1970) has indicated for the sedge in his Devon Island studies. 
The relatively high albedo of the Carex may also have 
contributed to lower the available net radiation at the site. 
It would appear that some or all of these possibilities must 
be invoked to explain the low levels of evapotranspiration at 
a site where soil moisture conditions are .close to a very 
high field capacity value. 

Some indication of the inefficiency of evaporation through 
these covers may be provided by calculating the crude monthly 
Bowen ratios indicated by the results obtained. This was 
accomplished by assuming that the soil heat flux at each site, 
in each month, was 15 percent of net radiation. Net radiation 
data were based on the pattern measured at YT2. At YT4 the 
net radiation input was assumed to be 5 percent greater than 
at YT2, At YT6M the net radiation was assumed to be 10 percent 


greater than at Y@2. The results are presented in Table 5-21, 
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In temperate latitudes the Bowen ratio .is typically 
about 0.10 over moist soils but is much larger where soils 
are well below field capacitr. (Thornthwaite and Hare, 1965, 
p.166). The crude Bowen ratios determined in the present study 
are therefore surprisingly high when it is remembered that 
at all sites the soil moisture conditions were at or very near 
field capacity during the whole summer. If the available 
literature is interpreted in Bowen ratio terms however the 
present results are seen to be in order, 

The Point Barrow studies conducted by Mather and 
Thornthwaite (1956; 1958) indicated an annual Bowen ratio of 
about 1.4. (p 87). The monthly ratios obtained for June, 

July and August in 1958 were respectively 2.0, 2.9 and 1.9 

(p 84). In his interpretation of the results of the evapot- 
ranspirometer studies made by Nebiker and Orvig (1958), Hare 
(1965, p 10) infers a summer season Bowen ratio of about 2.0 
or greater to be applicable for the lichen surfaces monitored, 

The P.E. studies made by Brown (1965) at Norman Wells 
indicated that the indigenous sedge, moss and lichen vegetation 
evapotranspired considerably less moisture than the Kentucky 
bluegrass. Evapotranspiration through the latter cover may 
be assumed to have manifested very efficient use of the 
available net radiation and the Bowen ratio would be close to 
zero. Probable Bowen ratios for the other indigenous covers 
can be estimated at about 1.0. It is likely that this value 
would be higher under natural conditions, when no irrigation 


is applied to maintain P.E,. conditions, or in areas with less 
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natural summer precipitation than is the case at Norman Wells, 
Also the moss cover present at the two moss sites consisted 

of Sphagnum which, by moss standards, is a relatively efficient 
conductor of moisture from moist basal layers to the surface. 
This is accomplished through capillary rise, or in the manner 
of a wick. 

Similarly high Bowen ratios have been indicated in other 
Studies in Arctic regions. Ahrnsbrak (1968), in Central 
Keewatin, indicated very high Bowen ratios for short periods 
during the summer, At Axel Heiberg Ohmura (1972) found 
Bowen ratios ranging from 1.2 to 6.0, and averaging 2.5, for 
fortnightly periods during the summer of 1970. Addison (1973) 
at Devon Island found a similar range for a series of 
microsites averaged over two clear July days in 1972. 

Heat budget studies conducted by W. R. Rouse and 
associates in the Hydson Bay Lowlands have indicated 
relatively low Bowen ratios for surfaces in this region compared 
with values discussed above. Average ratios for short periods 
during July were 0.61 for a lichen mat and 0.71 for an old 
burned lichen covei (Rouse and Kershaw, 1971, p299-301). At 
a lichen dominated raised beach ridge during July and August 
1971 the mean value for the Bowen ratio was 0.73 (Rouse and 
Stewart 1972, pl064,1067). For one clear July day in 1972 
the ratio was 1.29 for an upland, lichen dominated, ridge site 
and 0.38 for a wet lowland swamp, and 0.38 for a lake (Rouse, 
1973). These values are still high enough to indicate that 


evaporation is not particularly efficient for surfaces in this 
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region in terms of the available radiant energy... Although 
there is some comparability of the values with those 
determined for the present study (fable 5-21), the Hudson Bay 
Lowland values <+till appear to be generally lower steaseset in 
the case of the very wet sites. 

it is difficult to explain the apparent discrepancy 
between the Bowen ratios for the Hudson Bay Lowlands and those 
for other subarctic and arctic regions, The sites investigated 
lie in a region straddling the open woodland/forest~tundra 
transition of the Boreal Forest, (Hare and Ritchie,1972,p 338) 
and may be considered subarctic in nature. Distinctive factors 
about the sites are the close proximity of Hudson Bay and the 
relatively low latitude location. Rouse and Stewart (1972) 
noted that on cold days with the wind blowing off Hudson Bay 
the Bowen ratios were substantially higher than on warm days 
With winds from the south, The mean Bowen ratio for warm days 
was about 0.55 whilst for cold days the mean ratio was almost 
1.00. This information aids an explanation of the high Bowen 
ratios found in Arctic regions since it may be anticipated that 
summer temperatures in the latter region will be as low or 
lower than those found in the Hudson Bay Lowlands. However 
relatively high summer temperatures, particularly maxima, may 
occur in subarctic areas influenced by a continental rather 
than maritime climate. This would be the case in the present 
study area and relatively low Bowen ratios would be expected 
following Rouse and Stewart's findings. It may also be noted 


however that relatively low precipitation is also associated 
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with continental climates. Where moisture supply is limited 
sensible heat flux and hence Bowen ratios will assume greater 
proportions. Annual precipitation at Yellowknife is about 
half of that found in the Hudson Bay Lowlands. It would there-— 
fore appear logical to expect higher Bowen ratios in the 
present study area than is the case in the Hudson Bay Lowlands. 

The literature on Bowen ratios determined in northern 
studies seems to indicate a broad trend of increasing Bowen 
ratios from south to north, Although this trend is probably 
controlled by decreasing temperatures and precipitation north- 
ward it indicates the potential significance of latitudinal 
position on the compartmentalisation of net radiation flux. 

The clear July day net radiation values presented by Rouse 
(1973) are significantly higher than those observed for clear 
July days in the present study area in 1972 even after allowing 
for albedo influences. As the net radiation total decreases 

it appears that Bowen ratios tend to increase, Although the 
full details of this relationship are not presently well 
understood it may be used here as an additional justification 
for expecting higher summertime Bowen ratios in the present 
study area by comparison with the Hudson Bay Lowlands. 

Some insight into the unusual pattern of water loss through 
moss and lichen covers may be gained by viewing such covers as 
lilliputian forests, (Bland, 1971). The uppermost surface of 
the cover intercepts much of the radiation input, reducing 
considerably the effective radiation reaching the major diffusion 


exchange surface. This process is hindered by the negligible 
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wind speeds found at these levels in the forest; also the 
high humidities maintained just above the exchange layer 
further restricts water loss. These restrictions cannot be 
bypassed by the efficient system of pipes, (roots, trunks, 
branches, leaves), for moving moisture found in conventional 
forests. The moss and lichen covers are non-vascular with 
only rudimentary capacity for moving moisture upwards. 

During periods following rain events, or the snowmelt 
period, the cover by virtue of its great hygroscopicity 
intercepts almost all the rain precipitation falling on it 
except in the case of particularly intense storms when some 
infiltration may occur. This moisture held in the living plant 
cover evaporates rapidly, (especially in the case of mosses, 
but less rapidly in the case of lichens), since the plants 
possess no mechanism by which evaporation can be controlled 
as is the case of case with vascular plants (ie. stomates), 
This point explains the relatively high rates of evaporation, 
by comparison with the present study, mentioned in the 
literature survey. Generally the high rates may be associated 
with high summer precipitation levels. The covers soak up the 
precipitation and hold it at or near the surface until drying 
conditions occur. Where summer precipitation levels are 
relatively low, as in the case of the present study area,the 
level and pattern of evaporation from moss or lichen covers 
is closely governed by the precipitation events, especially 


once the snowmelt runoff influence has passed, 
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The view is taken in this thesis that transpiration 
hrough the vascular flora in the study area is well below 

normal levels found in more southerly latitudes. This view 
is based on the literature review) presented earlier. Tt 
is accepted that there may be significant differences in 
transpiration rate from individual species making up a 
plentessociation. in this study these differences: have” been 
generalised out in the overall analysis by considering 
surfaces (broadly defined) and a seasonal time-scale (rather 
than individual days or hours). Some support for the useful- 
ness of this admittedly general approach may be derivea from 
the* work) of’ Penman (1963). ©It is felt that his ‘strong 
emphasis on weather factors over plant factors as primary 
determinants of evapotranspiration levels may have to be 
modified in northern areas where permafrost influences appear 
to alter the functioning of vascular flora and limit 
transpiration. 

The above view may appear extreme in the light of the 
findings by Belotserkovskaya, Largin and Romanov (1969). 
Transpiration from non-dominant vascular bog flora was deemed 
to have been responsible for over 80 percent of the total 
evapotranspiration. This is acceptable since growth conditions 
were remek imely favourable. Volumetric moisture contents were 
in the range of 30-76 percent indicating better aeration of 
the soils. It is probable that temperatures in the soil were 
also greater than is the case for permafrost-underlain peatland 
in the present study area. It may be noted that despite these 


favourable factors total evapotranspiration at the Russian site 
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was in a similar range to that found at YTOM, This similarity 
is probably due to the lower ground water levels in the 
Russian study reducing evapotranspiration potential but 
being compensated for by the exclusively non-vascular and 
relatively inefficient evaporating moss surface at YT6M. The 
results from YT4 are also close to the Russian findings. Again 
this is likely to be due to the relatively low ground water 
levels in the Russian study rather than significant 
transpiration through the Carex at YT4. The explanation by 
Addison (1973) for the low transpiration rates through the 
sedge at Devon Island is thought to apply to the sedge at YT4. 
This involves a combination of shallow vapour pressure gradients 
at the ground surface and limited root permeability induced 
by the influence of the cold nature of the soil inhibiting 
essential biochemical reactions. 
EQUILIBRIUM MODEL 

The equilibrium evaporation model suggested by Rouse & 
Stewart (1972) was applied to data derived during intensive 
research periods for which evapotranspiration estimates were 
also available for the evaporimeters. The results of the 
comparisons are presented in Table 5-22. It should be noted 
that the initial evaporimeter estimate was multiplied by the 
seasonal adjustment factor calculated for each site, 

The best comparisons between the model estimates and 
calculated values were obtained at YT4. It is thought that 
moderately dry conditions prevailed at this site owing to rain 


events during or just prior to the study periods. At YT2 and 
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TABLE 5-22. SELECTED APPLICATIONS OF 
THE ROUSE-STEWART MODEL 


Date 


YT2 11 July 


24 July 


9 Aug. 


i428 July, 


A Aug. 


22 Aug. 


YT 6 16 July 


26 July. 


13 Aug. 


AT THE STUDY SITES 


Time Period. Net Mean Bowen Ratio The 
(M.D.T.) Radiation Temperature Evapotranspiration: 
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Source: Rouse and Stewart (1972), 


fieldwork and calculations by the author. 
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YT6M the best comparisons were also obtained under similar 
conditions. The poorest comparisons may be associated with 
very sunny days preceded by a prolonged dry period. It is 

felt that the letter type of situation was particularly common 
in the study area and tends to be slightly underrepresented by 
the comparisons shown in table 5-22, I+t may also be noted that 
the good comparisons tend to be associated with relatively 
cooler temperature conditions reflecting the strong control 

of air temperature in the model's make-up. 

The Bowen ratios indicated by applying the model tend to 
be greater than the range set for accuracy of the model estimates 
to be within 10 percent of actual values. This casts doubt 
on the accuracy of the model estimates, and, coupled with the 
crude approximations incorporated into the model data and the 
evaporimeter data, in turn casts doubt on the validity of 
making the comparisons attempted here, 

R. G. Wilson, (Personal Communication, April 27th, 1973), 
has indicated the admissability of using a version of the 
equilibrium model to estimate monthly equilibrium evaporation 
where: LE = ap (Rn ~ G) where S is the slope of the 
saturation vapour pressure versus temperature curve at the 
mean of the wet vogy temperatures at the surface and in the 
overlying air, & is the psychrometric constant. The term 
(—32-- ) determines the proportion of the available energy 
used dam equilibrium evapotranspiration and it varies with air 
temperature. Wilson and Rouse (1972, p 441), have shown this 


relationship graphically and it is possible to extrapolate 
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values of the term for different air temperatures, 

An attempt was made to apply this equation to derive some 
estimates of monthly evaporation at YIS,0X TAy andi YTOM. oie 
net radiation dita for YT2 was used to estimate net radiation 
at YT4 and YT2, For YT4 Rn. YT2 was increased by 5 percent 
and for YTOM Rn. Yf2 was increased by 10 percent. Soil heat 
flux was assumed constant at 15 percent of net radiation. 

The temperature value used was the mean monthly eir temperature 
for Yellowknife Airport, (geen) was abstracted from the graph 
prepared by Wilson and Rouse (1972, p 441). The results are 
presented in Table 5-25.together with the adjusted monthly 
evaporimeter estimates. 

The monthly comparisons tend to be generally poor and 
inconsistent. Particularly good comparisons may be noted for 
YT6M however. This was the wettest site visited and the 
relative success at the model indicates that ‘moderately dry' 
would be a valid description of conditions. If this is the . 
case aimost all other surfaces in the study area can be 
interpreted as 'very dry'. Particularly poor comparisons were 
obtained at YT2, the ‘'driest' site investigated despite 
volumetric moisture contents in the surface organic layer 
ranging between 70 and 60 percent. 

The attempts to apply the equilibrium model to data 
obtained in the present study have not been entirely satis- 
factory. The quality of the initial data is suspect casting 
doubt on the validity of the comparisons made, It is possible 


that the model does not apply so well in the present study area 
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because of climate and latitudinal differences. The summer 
climate in the study area is characterised by brief wet spells 
and prolonged dry periods. When moistened by rain the moss 
covers lose that moisture very rapidly by evaporation since 
they have no mechanism by which to slow the process. The 
process only proceeds however until the surface layers of the 
moss cover are dried out and evaporation from the moist soil 
layers, through the moss, is inhibited by a strong mulching 
effect. Thus it may be appreciated that "moderately dry" 
periods will not be a very common occurrence, Very dry surface 
conditions are probably the rule in the present study area, 
'surface! here referring to the top one to two inches of 
vegetation cover. 

The model appears to be insensitive to differences in 
degree of diffusive resistence between different covers. For 
instance, certain moss species such as Sphagnum appear to have 
a lower diffusive resistance than others such as Bryums. There 
are apparently also differences in diffusive resistance between 
Picteeent lichens (eg. Addison, 1973). An additional 
complexity is variations in soil moisture content. It would 
appear that perhaps the model is too great an oversimplification 
of the evapotranspiration process through northern vegetation 
covers. Despite claim for high-latitude application potential 
the model was developed and tested in relatively low latitudes. 
It is possible that the compartmentalization of energy varies 
by latitude and that regression coefficients obtained at the 


test site do not apply at other latitudes unless modified. 
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CHAPTER VI 
THE WATER BALANCE OF BAKER CREEK 

In this chapter an attempt is made to provide a syn- 
thesis of the water balance of Baker Creek basin based on 
the results of the literature and field research reported 
earlier and an evaluation of the results gained by three 
separate approaches to determining the annual. water balance 
of the basin: 

(a) the Thornthwaite climatic water balance model; 

(b) climatonomic analysis; 

(c) semi-empirical studies. 
In effect this chapter is a means of summarising and applying 
the total body of research that has been conducted in the 


course of the present study. 


THORNTHWAITE CLIMATIC WATER BALANCE 

The Thornthwaite P.E. concept and water balance model 
has been widely used to obtain an insight into the water 
balance patterns in a particular area. It is considered 
here for its ability to produce working estimates of actual 
evapotranspiration for the basin. The estimates are then 
“subjected to an evaluation based on results from the present 
research. 

Kakela (1969, 1973) applied the concept and model to 
data from the present study region for the period 1942-1967. 
Kakela's work has been updated in the present study by 
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applying the model to data for the water years 1968-1972. 
The results are presented in Table 6-1. The 25 year mean 
obtained by Kakela (1969, p. 216) has been included for 
comparative purposes. It may be noted that average preci- 
pitation during the period 1968-1972 was over half an inch 
greater than the 25 year mean, and P.E. was on average 
almost one inch less. Calculatedsurplus or runoff is very 
similar for both periods however. A one inch soil moisture 
storage capacity was used in both cases and P.E. was cal- 
culated using the 50°N correction factor, this being the 
highest latitude covered by the Thornthwaite computation 
tables. (Thornthwaite and Mather 1955, 1957). 

The relatively large discrepancy between the average 
P.E.e values for the’ two periods is surprising. In total 
the differences between the averages for the two periods 
_were that on average during the period 1968-1972 the 
Summers have tended to be wetter on average with the opp- 
osite being the case for winter snow precipitation. The 
wetness of the recent period summers has been concentrated 
markedly during the months of August and September. (See 
| Figure 5-5). It is likely that the cool, cloudy conditions 
associated with these abnormally nigh precipitation levels 
were in large part. responsible for the lower P.E. rates 
during this period. It may be_noted 
that average actual evapotranspiration (A.E.) was greater 
during the recent period by an amount closely corresponding 


to the difference in average precipitation for the two 
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périodsvatThissisite be expected in regions of low preci- 
pitation relative to P.E., especially where significant 
detention storage exists. It may be remembered that the 
Point Barrow svudies indicated a virtual balance between 
‘precipitation and evapotranspiration during the three 
summer field seasons (Mather and Thornthwaite, 1958, 
pere3ne 

The relatively dry winters during the recent period 
raise the possibility that runoff may have been reduced 
during this period but this influence seems to have been 
balanced out by detention storage being maintained at high 
enough levels to result in average runoff values prevail-~ 
ing. It may be noted that there was only a very Slight 
difference between the estimated level of Pocket Lake in 
December 1968 and December 1972. (Figure 5-8; Table 5-7), 
These broad considerations drawn from the Thornthwaite 
model also tend to substantiate the earlier assertion that 
the available Baker Creek runoff record, although short, 
yields good values for average conditions. In view of the 
emphasis placed on use of this short record this indication 
of support is valuable. 

It may be noted that the calculated runoff by the 
Thornthwaite method, (VW 3.80 inches), is considerably 
higher than the average measured runoff for Baker Creek 
from 1968-1972, (1.43 inches), Table 5-6. Actual evapo- 
transpiration by the method is im tne Tange 6.0 to 6.5 


inches. It is probable that this range would be greater 
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if the water balance was adjusted to take account of the 
low measured runoff. This adjustment could be most easily 
accomplished by amending the soil moisture storage assump- 
tion in an upward direction to approximately 3.30 inches 
‘on an average basis.* 

If it were assumed that the Thornthwaite approach did 
give accurate estimates of runoff in this region, one way 
that runoff values could be made to approximate measured 
runoff would be for soil moisture storage capacities to 
change from year to year. From Table 5-6 it may be deduced 
that in individual years the storage capacity required to 
balance the calculated and measured runoff would range 
from approximately 1.80 inches to 5.25 inches. Ti see tee 
is quite conservative by comparison with a similarly 
derived range, (20.3-0.3 cms.), estimated by Kakela, 1973, 
pe 176), for 1942-1967 data. It encourages the belief that 
Storage capacity inputs to the P.E. model may be indexed 
by variations in the lake level. However an attempt to 
relate Pocket Lake level patterns, (Table 5-7), and the 
soil moisture storage assumption necessary for a balance 


met with no success. 


* It is possible that a more valid approach to this form 
of averaging soil moisture storage capacity is to calcu- 
late the Thornthwaite water balance for a number of stor- 
age values (approximately) corresponding to those for a 
number of different site types which are prominent in the 
basin. If desired, area weighting procedures would then 
permit an estimation of the average basin water balance. 
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It does appear however that the one inch soil moisture 
storage capacity originally employed by Kakela (1969, 1973) 
and in the’ present study is too low and that a better 
average value would be about 3.30 inches. This of course 
would raise the A.E. predicted by the model to between 
nine and ten inches. It would be desirable to use the 
model to derive separate evapotranspiration estimates for 
land and water surfaces. The long term mean P.E. calcu- 
lated by Kakela is very close to the evaporating power of 
the net radiation available after snowmelt energy has been 
allowed for (16 inches) (Table 3-15) The 1968-1972 mean 
P.K. is very close to the mean annual small lake evaporation 
estimated for the study area on the basis of Pocket Lake 
lake level records and other sources. (Tables 5-11, 5-12). 
These correspondences indicate support for a free water 
evaporation in the study region of 15 to 16 inches. Assum- 
ine that’ lakes account’ for 25 per cent of the drainage 
basin and that a 3.30 inches storage capacity is employed 
the above range estimate for mean lake evaporation would 
result in a mean land A.E. value ranging between 7.3 to 
7.7 inches. An indication of how this value is spread over 
a variety of surfaces can be guaged by estimating the water 
balance using different storage values for different site 
patterns as Kakela (1969) has done in a speculative way. 
This latter work forms a comparative base for the final 
section of this chapter. 


The indications of relatively high Bowen ratios over 
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surfaces in the a area cast doubt on the validity of 
the Thornthwaite procedure for computing P.E. for high 
latitude regions. Hare (1972) has indicated that the 
method implicitly assumes that Bowen ratios are zero or 
very low over the idealized evaporating surface. It may 
therefore be anticipated that the procedure will be refined 
or replaced as a result of research into northern radiation 
balance patterns, Kakela (1973) has indicated (for the 
Yellowknife and Snare river basins) that this present short- 
coming of the procedure is not so serious as the gquestion- 
able book-keeping assumptions (especially those relating 

to storage factors), that it involves. To a large extent 
these assumptions are removed when considering daily water 
balances of various sites for individual years rather than 
the mean annual basin balance based on monthly averages. 
The former ideal is difficult, to realise however, partly 
because of the time-consuming nature of the calculation 
process and partly because of the lack of detailed know- 
ledge on the nature of the interrelationships of precipi- 
tation, evapotranspiration, runoff and storage change at 
each site. 

Because of the relatively high Bowen ratios found for 
northern regions it is acknowledged that P.E, will be 
equivalent to a smaller portion of the net radiation in the 
study area latitude than further south. The present | 
research indicates however that large deficits may still be 


anticipated over vegetated land surfaces in the Subarctic, 
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despite the presence of soil moisture levels at or near 
field capacity one or two inches below the top of the vege- 
tation cover. At some sites, such as the muskeg, one of 
the major reasons for the low A.E. is the relatively good 
drainage reducing water supply. This is generally the 
major reason, for P.E. not being realised at most 
mid-latitude sites. The exact nature of the moisture 
comparison should be stressed however since the muskeg is 
relatively dry in relation to the bog and sedge meadow but 
it would probably be termed very moist in relation to most 
mid-latitude soils. An additional factor limiting P.E. at 
the muskeg site is the extensive moss cover. Such a cover 
is also the dominant ground story vegetation at the meadow 
and bog sites. Mosses (and lichens) are non-transpiring 
plants and can also function as effective mulches thus 
endowing these covers with high diffusion resistance pro- 
perties when dry. 

The effect_of the.hygroscopic propertias.of.mosses 
is particularly noticeable at the muskeg site. Especially 
during the later summer months, after snowmelt influences 
have diminished, almost 100 per cent of A.E. is accounted 
for by precipitation receipts held in the-moss canopy and 
lost easily when drying conditions resume. P.E. might be 
attained briefly only during such periods partly since 
mulching effects are minimal and partly because the mosses 
have no well-developed physiological mechanisms for con- 


troiling moisture loss. 
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At the much less well-drained permafrost sites the 
influence of upward supply of moisture to the surface 
region from lower soil layers assumes a greater importance 
by comparison with precipitation in explaining the evapo- 
ration totals measured or estimated for the sites. De- 
tained snow melt surplus appears to be primarily respon- 
sible for the high totals however. In addition the force 
of moisture supply from below may help to exploit any 
moisture conducting properties possessed by the mosses. 
Operation of this approximate substitute for the trans- 
piration process, although not proved to exist, appears 
to be favoured for certain species such as Sphagnum and 
Polytrichum commune, and less favoured for others such as 
the Bryums. 

Evaporation from the shaded sub-site at the spruce 
bog was the least of the four sites investigated. It is 
possible that if transpiration through the shading trees 
is taken into account that the overall evapotranspiration 
for the site would be much greater than for the ground moss/ 
lichen cover alone. No field research could be undertaken 
to substantiate this hypothesis, however, interpretation of 
results from the literature survey in conjunction with an 
evaluation of local conditions tend to indicate thathigh 
transpiration losses may not be anticipated for the higher 
order vascular flora, especially over permafrost sites. 
The main inhibiting factor appears to be a low degree of 


root permeability, precipitated by the cold soils, which 
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reduces the efficacy of the plant system to maintain a 
moisture supply to meet demands generated by meteorological 
conditions above the surface. This reasoning appears to 
explain the ap-arently limited transpiration through the 
Carex at the sedge site. The explanation manifests another 
sigmificant..restriction on the realisation of optimal P.E. 
conditions in northern areas. 

A ramification of the occurrence of relatively low 
A.E. from vegetated surfaces is the increase in the im- 
portance of the sensible heat flux component in the radi- 
ation balance of the present study area. When considered 
in advection terms this may well have the effect of signi- 
ficantly supplementing the net radiation energy available 
over the bedrock-dominated sites and the free water surfaces. 
The influence is undoubtedly greater for the latter cate- 
gory where moisture supply is unlimited. Indeed it may be 
anticipated that the bedrock surfaces will supplement the 
advective energy supply to the water surfaces from the 
vegetated surfaces. As a result significantly higher P.E. 
values may be realised over the water surfaces than is 
indicated solely by net radiation considerations. This 
pattern will be emphasised in the cases of the smaller 
free water bodies where heat storage influences are negli- 
gible. Although earlier discussion in this section indi- 
cates mean lake evaporation in the study region to be 15 to 
16 inches, (i.e. at or slightly below the amount that may 


be expected on net radiation grounds), later evidence which 
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is considered superior because of greater consideration 
of local advection influences, indicates that evaporation 
from all free water surfaces in the basin averages 18 inches 


or greater. 


CLIMATONOMIC ANALYSIS 

The apparent potential of the function, derived by 
Lettau (1969) relating the climatonomic runoff and dryness 
ratios as a means of generating and testing hypotheses con- 
cerning perfect water balance situations has already been 
noted. It is possible that the function fails in Canada 
but it appears to predict well the water balance for Can- 
adian locations for which good meteorological and hydro- 
logical data checks are available. In addition the data 
produced from the detailed Subarctic water balance study 
conducted by Findlay (1966, 1969) at Knob Lake resulted in 
a much improved fit relative to the function for this 
location. (The improvement was mainly attributable to 
more precipitation measurements). There are therefore 
good grounds for assuming that the function may be em- 
ployed to determine the water balance for a variety of 
regions in Canada, including the Subarctic zone within 
which Baker Creek basin is located. 

On the basis of results from research into evaporation 
and evapotranspiration patterns in the basin different 
possible combinations of precipitation and runoff were 


used to calculate the runoff and dryness ratios and the 
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fit,of, the-plots to the curve of the function evaluated. 
This operation could only be performed for climatological 
mean annual balances since the seasonal balances require 
Mfaniwmore sophisticated analysis which, according , to 

Hare and Hay (1971, p. 79) cannot yet be usefully attempted 
except for certain localities in southern Canada. 

The period for which means were derived is short, © 
consisting of only five years of data (1968-1972). This 
was conditioned by runoff records only being available 
for Baker Creek from 1968. It is felt that these runoff 
records are of much more relevance in determining the water 
balance in the area covered by Yellowknife Airport meteor- 
ological station than is the case for Yellowknife River 
data. The latter drainage basin is much larger than Baker 
Creek and extends over an area where bioclimatic gradients 
change rapidly (Hare and Ritchie, 1972), reducing greatly 
the likelihood that Yellowknife Airport precipitation data, 
Located justuoff .the,southern,tip of the basin, is.repre-. 
sentative of conditions over the whole drainage basin. 
Therefore although good long-term records exist for the 
Yellowknife River the short period record for Baker Creek 
is preferred because of its more valid use with Yellowknife 
Airport precipitation data. Yellowknife Hydro climato- 
logical station, although located close to the upper basin 
of Baker Creek is not considered as possessing particularly 
representative precipitation datasfor thas area beeause of 


its relatively low elevation the dubious accuracy of the 


; ie... 
A oe 


STN Pes, eobinatin f Tsoesaie or. 90 a | 
tA seutaas hi x | 


stone et. hove) uaee hen sede Alas x 
An. CSUR eoer yt bank to exney. ery "eho. 0: ‘eh 
oldalisyes anted <ioo abroost Posor eo benokvr 
Youve enody Tene eet ee a 88er | mort nfo” 5, 
tevew ont satnioieseb at oonys ler’ ‘exon ‘foia! to wae 
“Catan Mies tA es iioowolis®. Wa benpvoo bere. seaairal fs 
dae iat hs aivoliay x6% p80 ‘gad ee" ‘nett! nobvaye ta . te 
rowed nade -gogiel Holm et ates ‘pasiiteth! ‘staal 6 rad 


ae 


efae thay gtdsat foot . erie 018 ts 0K! eb | b 
eta ong gotouthr |  Cerer, obtiod th ‘ante on sity! ee gan 
sab Nolte, hetooty troqntl of toawo tte seus it to; 

ater “ee! eaibeed idly teat?) wrey ri Ye fent 
wolubd egalltan! sede edt 4¥e) uals ‘pao 

eit 10% Satxe nbiover iret gaol pooy’ pe litte Bre 
oot. oma sot ytOD vt ‘bot teg’ trode ont site o" th 
‘eltndvottey, diy bau ‘Bitey erom' ett AO pewsoed- hornet 
| -otamiho ee Livniiganes Seige bobsastgtoes “ts 


Pa ee ae 


eine Set tag weenie | a ibeneo Jon" 
to ae gaa setts eite vet, abate aoktasiqts 


274 


snow precipitation measurements and possibly less careful 
observation procedures compared with those at the airport. 
Apart from precipitation and runoff values an estimate 
of net radiation is also required to allow calculation of 
the ratios. Net radiation values are available from Hay 
(1970). It is felt that previous evaluation of these 
estimates justifies acceptance of them as a good indicator 
of mean annual net radiation. The annual value indicated 
by Hay for Yellowknife is 25.2 Kilolangleys (Kly.) (Hay, 
[e7Oventideles. Some of this energy is utilised in snow- 
melt and must be subtracted from the total value. An 
@stimate-of this factor,;is provided by extrapolation from 
a figure indicating the spatially smoothed field of the 
energy required to melt the measured fresh snowfall. (Hare 
and .Hay,)1971, p. 92). This was taken to be 1.2 Kly.eand 
the net radiation value used in er aicneen Sy ae dryness 
ratio was 24.0 Kly. Only the surface energy balance is 
considered here and it is done so on an annual basis, there- 
fore there is no need to make a Similar allowance for the 
Significantly high levels of energy required to thaw out 
and heat up the surfaces. This is a reversible process at 
the surface unlike melt energy consumption for which the 
reverse process (condensation) occurs at cloud level. The 
potentially great importance in the radiation balance of 
ground heat flux at the surface over short periods between 
spring and fall should be borne in mind however. The 


Climatonomic approach followed here involves a regrettable 
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degree of rather unrealistic averaging in time and space 
which is however necessary in the light of the present un- 
Satisfactory state of the data pertaining to northern water 
balance patterns. 

The base for the precipitation adjustments was taken 
as the approximate mean for the period 1968-1972 - ten 
inches. It is assumed that long term storage change is 
zero. This is substantiated in large part by reference to 
Table 5-7 and by considering the December 1968 and December 
1972 estimates. 

Previous to the installation of the Baker Creek Main 
Stem guage it was only possible to use Yellowknife River 
data with Yellowknife Airport precipitation to estimate 
the water balance of the area. Using these values to cal- 
chlate, the ratios. results in plot A. which gives a very 


poor; fit. (Figure 3-5 ). 
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Kakela (1969) adjusted precipitation data for Yellow- 
knife Airport by increasing snow precipitation by 50 per 
cent and rain precipitation by 15 per cent on the basis of 
Russian) findings. As a result he obtained a mean precipi- 
tation figure of 12.75 inches. This is used for plot B. 

A much better fit is obtained using this value. 
Bia Rie oee 75 inches. WN = 3 inches 
(Here, Oof Seinchesih Cieerno.23 WD reads 1+ 


However, the runoff for Baker Creek in individual years 
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and on the average is much below three inches, hence it is 
very unlikely that this combination is valid for Baker 
Creek basin. Following a similar process of hypothesis 
generation, testing and evaluation many possible combin- 
ations of P and N were studied. The use of the Baker Creek 
runoff mean, (1.43 inches). immediately produced very good 
fits necessitating quite precise evaluation of the possible 
combinations. It is possible that the precision employed 
in the evaluation is not matched by an equivalent degree 
of precision in the Lettau function relationship as it 
applies to Canada generally and to Subarctic locations in 
particular. This is because Lettau used as a base 
Budyko's analysis of European drainage basin data, (29 
basins), compiled by Wundt (1937). Although evidence has 
been presented earlier to support the assumption that the 
curve applies for a variety of areas in Canada with good 
check data it is possible that incorporation of a represen- 
tative stratified sample of basins in the less humid and 
colder regions of Northern Canada would alter the nature 
of the curve. Only a slight alteration would be required 
to upset the following precise pattern of reasoning and 
this should be borne well in mind as probably requiring 
modification at a future date. 

The point has been made that, to a much greater degree 
than is the case in more humid and warmer southern areas, 
runoff in dry;"cold northern*regions Is™the™result of 


special circumstances such as unusually high precipitation 
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events, bare rock and snow-drifting influences, and un- 
usually low rates of utilization of available energy by 
evaporative heat flux (Laycock, Personal Communication, 
Poeust, 1973)... This: point, is certainly valid when the 
climatonomic approach comes to be applied to determining 
the water balance for individual months in any one year for 
the present study area. It may be anticipated that numer- 
ous modifications will be necessary at this level just as is 
presently the case in relation to the book-keeping assump- 
tions in the application of the Thornthwaite water balance 
model in the region. It has been necessary here however to 
concentrate on average patterns in an effort to obtain a 
relatively well defined base prior to attempting to remove 
the time and space averaging assumptions. 

The results of calculations using various combinations 
of P and N are presented in Table 6-2. In order that the 
Gloseness of fit of the plot for each combination may be 
compared an index has been included. This index was 
obtained by multiplying together the differences between 

(a) the plot runoff ratio and the runoff ratio 

corresponding to the closest part of the 
curve to the plot, and 

(b) the plot dryness ratio and the dryness ratio 

corresponding to the closest part of the 
curve to the plot. 
From Table 6-2 it may be noted that many of the com- 


binations give relatively good fits with the function, 
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TABLE 6-2 
Computations of Runoff and Dryness Ratios 


for Different Combinations 
of RUNOFF and PRECIPITATION 


RUNOFF (inches) 


PRECIPI. 
TATION 1.00 26 te 
(inches)| Cc  D Cree Dart pevoll ts p 
10.00 Tea: CO F ; uidried 260 
Ga) ii2. ep) 4 Se me 
fa)x(b)28 180 
10.50 ie AS 
Lo 
"6 
11.00 ey a ue, 
3 a 
33 
aay 150 aera teg9 
0 0 
2670) 
12.00 ,98b4 1488 NOL NS BB bi (Tacss 
Se ee ay, 
-125 33 age 
12.50 ,08er ines 09082 28 MiiAWwah 20 
-6 Q 5 a ee 2 
-180 -LO5 -36 


R = 24.0 Kly. (Hay 1970; Hare and Hay, 1971) 


ec = Runoff Ratio D = Dryness Ratio 

(see p.112 for further information on the ratios, 
or Lettau (1969) 

(a) & (b) Refer to text for an explanation 

x,y,z These identify combinations referred to 
Later. .in the. text, 


Sources: Calculations by the author; Lettau (1969); 
Hay (1970); Hare and Hay (1971). 
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Similar to that for the Knob Lake improvement. All lay 
Within the box in the inset of Figure 3-5. In three cases 
however a perfect fit was obtained (X,Y,Z,). The selection 
of the case which is most probably valid requires close 
‘consideration of probable precipitation and runoff patterns. 
The 10 inch mean precipitation for Yellowknife Airport is 
almost’ certainly low. ~ The three perfect fits lie on a 
diagonal represented by a precipitation range of 10.50 

to 11.50 inches. This appears to be a good approximate 
range for adjusted precipitation, although it requires 
verification by detailed research in the basin over a 
period of years. 

Considering runoff (N) the mean value obtained for 
Baker Creek is believed to be a good integrated estimate 
for the whole basin. There is not a strong case for in- 
creasing it due to errors in interpolating records for 
gaps in the data Since during this process a liberal 
rather than conservative approach was followed. Baker Creek 
basin is about 15 miles long and the headwaters area lies 
at about 200-250 feet above the lower basin and Yellowknife 
Airport. It is conceivable that these contrasts may be 
sufficient to cause water balance patterns in the lower 
basin to differ slightly from the upper basin. It is 
probable that runoff from the upper basin is slightly 
greater than 1.43 and slightly lower for southern parts 
of the basin where much of the present and past research in 


the basin was conducted. A runoff for the southern part 
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of the basin of 1.00 inches appears to involve a much 
greater contrast than is likely and 1.20 inches is probably 
a good estimate. This reasoning indicates that the possibile 
mean annual waver balance for the lower basin is: 
P NW im thag 

(inches) ELESG = i, 2O.V Gr VEO HSO AeGagse LY) 

Tentative ranges of the parameters for compound 
assemblages of surface types in various parts of the basin 
may be set at 


south North 


3 6 
il 


N= 1.20 - 1.60 inches 


ea 
Hf 


9.30 - 9.90 inches 
SEMI-EMPIRICAL STUDIES 

It would be helpful to have some check on the results 
of the above operation. This may be supplied in part by 
refining the site water balance equations developed by 
Kakela (1969) for Pocket Lake sub-basin. Kakela employed 
the Thornthwaite climatic water balance model to derive 
the equations and hence included P.B. values. Previous 
discussion of this chapter has indicated the unsatisfactory 
level of development of means of estimating P.E. over sur- 
faces in the basin therefore in the present study straight- 
forward mean annual water balances are considered with the 
assumption that net storage change is gero. An important 
aspect of Kakela's equations was his use of the adjusted 


precipitation of 12.75 inches instead of 10 inches. This 
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is considered a large overestimation of the precipitation 
adjustment necessary. The present research into land 
evapotranspiration and runoff data in the study area indi- 
cates values wuich lessen the need for such a high adjust- 
ment as Kakela has suggested. In the present exercise the 
site water balance equations have been written for a pre- 
cipitation base of 11.00 inches divided into about 5.25 
for winter and spring periods (Oct. 16-May 15) and 5,75 for 
summer precipitation (May 16-Oct. 15). Although Kakela 
considered detailed site seasonal variations in his study 
only his mean annual site water balance is used in the 
present.study.: 

In writing the equations particular attention was 
given to snow drifting changes for each site identified by 
Kakela (1969). Because of the lower precipitation base 
adhered to here, Kakela's changes were reduced by a roughly 
proportionate amount. This procedure permitted an estimate 
to be made of the net precipitation at each site. In the 
process to separate this amount into evaporation and runoff 
certain broad guidelines were followed. For the vegetated 
Sites evaporation was estimated on the basis of results 
obtained from the evaporimeters (Table 5-20) and a consider- 
ation of the. drainage properties»sat -each ashte; 

In the case of the bedrock-dominated surfaces several 
assumptions were made. A consideration of storage capacity 
values and precipitation data indicated that runoff from 


these surfaces may not have been as great as Kakela indi- 
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_cated. Although storage capacities appear low for bedrock 
dominated surfaces the nature of the precipitation events 
are such that sufficient capacity exists on most precipi- 
tation days to hold most if not all the precipitation. 
(This argument is detailed in the lake evaporation results 
section). Therefore it may be assumed that a large per- 
centage of the summer precipitation is detained and evapo- 
rated rather than running off. Snowmelt may be considered 
as a major precipitation event. The results from the study 
by Landals (1970, p. 85) were used as guidelines for gauging 
runoff/storage relationships at the sites. | 

the results of the exercise are presented in Tables 
6-3 and 6-4, Table 6-3 is a description of the study sites 
mentioned in Table 6-4. The (PE-D) component in Kakela's 
equations was reduced to one value - actual evapotranspir- 
ation. The main differences between Kakela's estimates 
and those made in the present study are greater evaporation 
and less runoff from the bedrock-dominated surfaces and 
vice versa for the vegetative surfaces. 

Using Kakela's percentage area weightings for each 
site the mean water balance for the Pocket Lake sub-basin 
was obtained. The parameters were observed to correspond 
closely with the most probable water balance parameters 
identified by climatonomic analysis. The runoff value given 
is the runoff from the basin into the lake required to 
maintain the lake level. It may be noted that the sub- 


basin evaporation from the present study is very similar 
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BALANCES F 
Kake? 
Site PArea 
A 328 
B 25.9 
G Lie3 
D 5.0 
E 4.8 
F 8.3 
G “ed 
Ci) ~ 
NR 362 
Integrated 
Basin 
Water 
Balance 100 
Source: 
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TABLE 


POCKET LAKE SUB-BASIN SITES 
. Wess Values in Brackets 


8 
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P = Precipitation; 
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Estimations by author; 
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REVISED ANNUAL WATER 


(inches) 
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4. 50 4 “25 
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6.50 Fan 5 
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Kakela (1969) 


= Evaporation; 
= Storage Change. 
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to Kakela's. However a large difference exists between 

the precipitation and runoff values obtained in either 
Study. It is believed that the values described in the 
present study are much more representative of water balance 
patterns in Pocket Lake sub-basin. Kakela (1969) manipu- 
lated his equations toward the bases of 3.00 inches runoff 
(Yellowknife River mean) and 12.75 inches precipitation 
(his adjusted value). It has been suggested that these are 
unrealistic values for the water balance in the local 
region of Yellowknife Airport. It may be noted that the 
site equations obtained in the present study were obtained 
only after one slight manipulation of initially derived 
values. 

Kakela (1969, p.68) has observed that there is probably 
slightly more area of bare bedrock (and open water surface) 
and slightly less bog and muskeg type soil conditions in 
Pocket Lake basin than is generally the proportion through- 
out the Yellowknife area. (The equation for bog and muskeg 
is included in Table 6-4 although this site type does not 
occur in Pocket Lake basin). The changes in evapotranspi- 
ration and runoff associated with these differences would 
probably in large part balance one another out although there 
is some possibility that evapotranspiration would decrease 
slightly and be balanced by a slight increase in runoff. 

The mean land evapotranspiration value for the basin 
calculated from sites A to G in Table 6-4 is 7 inches. If 


it is assumed that lakes and other free water bodies con- 
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stitute 25 per cent of the area of the basin, the integrated 
basin estimate for free water evaporation is 18 inches. 
(This is also on the basis of an integrated basin evapo- 
transpiration total of 9.80 inches). The 24 Kilolangleys 
of net radiation remaining after snowmelt energy has been 
allowed for amounts to an evaporating power of 16 inches. 
Thus it would appear that local advection of energy is, an 
important aspect of the heat balance of the free water sur- 
faces in the basin. If it is found that the percentage 
area occupied by free water surfaces is less than 25 per 
cent then the importance of the advection influence must 
rise to explain the pattern realised. The local advection 
influence appears to be surprisingly strong. but it may be 
noted that the free water evaporation totals indicated lie 
below that indicated by the Class A pan data (Pa blew =5)). 
It is also possible that the mean small lake evaporation 
estimate for the study area (15.4 inches) derived mainly 
from Pocket Lake level records (Tables 5-11, 5-12) is 
conservative on account of the fact that Pocket Lake is 
relatively deep or relatively well sheltered by comparison 
with most other areas of lake surface in the basin. It 
is also possible that riparian runoff into the lake from 
the rest of Pocket Lake basin was underestimated owing to 
conservative allowances for runoff from heavy rain events. 
From Table 6-4 it may be deduced that bedrock-dominated 
Surtaces Colles) A, esc.) penerate approximately 75 per cent 


of the runoff into the lake although such surfaces account 
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for just over 40 per cent of the area of the sub—basin. 

The importance of the bedrock areas as high yield sources 

is probably enhanced over Baker Creek basin as a whole 
because of the more frequent occurrence of such surfaces. 
This reasoning would tend to dampen the yields that may be 
expected from vegetative depression areas. The high frequency 
of shallow lake bog and ey de surfaces in the Duckfish 
Lake portion of the basin may effectively make this area an 
internal drainage basin in most years with high evaporation 
losses. By contrast the adjacent extensive block of almost 
exclusively bedrock-dominated area in the north-eastern 
portion of the basin may well account for much of the annual 
runoff yields measured for the basin as a whole. It is 
necessary that more research effort be directed to deter- 
mining the exact patterns for such surfaces in view of their 
apparent importance in the water balance. 

The above attempt to allocate proportions of the aver- 
age basin runoff over different blocks of surface types in 
the region should ideally be extended to other blocks in 
the basin. The drainage area/lake area ratio for various 
portions of the basin may serve as a suitable index to 
guide the allocation procedure. In view of the apparent 
significance of local advection for lake evaporation it 
may be useful to derive some form of index of the relative 
distribution of lakes and land areas whereby areas possess— 


ing many evenly spaced small lakes would be differentiated 
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from areas dominated by one large lake. It would be par- 
ticularly useful if the factor of lake depth or volum 

could be incorporated in either of the indices. Another 
direction for future research is to determine the temporal 
variations in the water balance for short periods in-in- 
dividual years. This approach would probably reveal a 
close relationship between average runoff and relatively 
few major precipitation events occurring in short periods 
of certain years with associated conditions precluding sig- 
nificant evapotranspiration. 

The above lines of research would contribute greatly 
to overcoming the major limitation of this synthesising 
chapter, namely, that of preoccupation with average annual 
values which tend to be relatively meaningless for most 
years, especially in regions such as the present study 
area in which the surpluses are largely the products of 
well above normal precipitation seasons, months and days 


and surfaces with relatively low evapotranspiration losses. 
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CHAPTER VII 
SUMMARY . CONCLUSIONS AND 
SUGGESTIONS FOR FUTURE RESEARCH 
Oo UMMARY 

The present study has been an attempt to define more 
Closely the average annual patterns of evaporation and 
evapotranspiration from surfaces in the Baker Creek Basin, 
near Yellowknife, N.W.T. This is a small research basin 
located in the Subarectic climatic zone, the discontinuous 
permafrost zone and the Canadian Shield physiographic pro- 
vince. Specific emphases in the study have been upon the 
elucidation of patterns of evaporation and evapotranspir- 
ation for the vegetation indigenous to the Subarctic, and of 
lake evaporation patterns. Perspective on and partial 
verification of these patterns was obtained by an assess- 
ment of the average annual basin-scale water balance. 

The physical setting of the study area has been des- 
cribed. A comprehensive literature review has been provided 
and used extensively in places to fill gaps attendant upon 
field research instrument problems or to establish trends 
or influences which potentially affect the present study 
area. 

The major field work portion of the research was con-~ 
ducted at three main sites: muskeg (relatively dry), sedge 
meadow, and a spruce woodland bog, (exposed and shaded 


subsites). At these sites net radiation measurements were 
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made or attempted. tn addition batteries of evaporimeters 
were employed to estimate evapotranspiration and associated 
soll moisture regime studies were conducted. An attempt 
was made to apply an equilibrium evapotranspiration model 
to the data. Active layer development was monitored at two 
Sites, 

For the lake evaporation studies surface temperature 
Surveys were made over several lakes in the study region 
with a view to using the data in a Lake Hefner type equation 
for estimating evaporation. Evaporation from small, inter- 
mittent pools was also estimated using monitored changes in 
level. | 

Extensive use has been made of recently available 
hydrological data for the basin. This consisted of lake 
tevel records for Pocket Lake, and flow records for its sub- 
basin, available since 1967, and the discharge records for 
Baker Creek (Main Stem), available since 1968. Meteorolo- 
gical data for Yellowknife Airport have been utilised to 
provide background climatic information for the various 
study periods. 

An attempt has been made to synthesise a better defin- 
ition of the average annual water balance of Baker Creek 
basin by means of three separate approaches: 

(a) the Thornthwaite water balance model, 

(b) climatonomic analysis, and 

(c) semi-empirical research. 


By virtue of the latter approach, which integrates all the 
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research results, refined average annual water balanc 
equations have been presented for various surfaces present 
in the study area, 
CONCLUSIONS 

Interpretation of the results of field research into 
evapotranspiration from vegetative surfaces indicated that 
this process did not function efficiently at the study sites 
in terms of available radiant energy and soil moisture con- 
siderations. This conclusion backs up similar findings 
noted in the literature review for other northern studies. 
A general factor explaining this pattern is the significant 
proportion of radiant energy employed in melting snow, ice 
and permafrost and raising surface and air temperatures. 
A more specific explanatory factor was the non-vascular 
nature and mulching properties of the moss-covered sites, 
In the case of the sedge, transpiration through these plants 
was thought to be inhibited by distinctive edaphic factors 
associated with the permafrost present at the sites. Sim- 
ilar reasoning was employed to suggest that transpiration 
through the higher order vascular flora would also be in- 
hibited. The precise moisture conditions and the nature of 
summer precipitation events were also held to be important 
factors governing the levels of evapotranspiration. The 
moss covers only rarely appeared to be saturated right to 
the surface. As a result some mulching effect was always 


present to shield against what would otherwise have been un-=- 
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controlled and significant water losses. At the onset of 
rain events the upper moss surfaces tended to have good 
hygroscopic properties. They were thus able to retain much 
of the incoming moisture which would be evaporated rapidly 
when drying resumed owing to the plants! lack of physiol- 
logical controls on evaporation. 

Although the bedrock-dominated surfaces in the basin 
were not intensively investigated conclusions derived from 
an appreciation of the combined relationship of storage 
capacities and the nature of the precipitation events indi- 
cated that the significance of runoff from these surfaces 
may have been overestimated in the past and the Significance 
of evaporation from them underestimated. In sum the study 
indicated that evapotranspiration from land surfaces in the 
basin averaged about seven inches. 

Interpretation of the results of the lake evaporation 
studies indicates the possibility that the magnitude of the 
parameter may have been underestimated in the past, possibly 
due to hitherto unappreciated local advection effects or by 
previously exaggerated heat storage lag effects and conden-~ 
Sation gains. If it is assumed that lakes account for 25 
per cent of the area of the basin the free water evaporation 
over the basin averages eighteen inches. This is two inches 
greater than the evaporating power of annual net radiation 
after snowmelt energy has been allowed for. It is four 
inches greater than the mean small lake evaporation estimates 


published in the literature. It is however two inches less 
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than the average class 'A' pan evaporation. It therefore 
appears to be a plausible intermediate value. 

Previous water balance estimates for the study area 
were based on Yellowknife River runoff data but the new 
data from Baker Creek improved the definition of the water 
balance considerably, just as better precipitation measure- 
ments have allowed improvement of the balance for other 
northern areas. It became clear that relatively minor up- 
ward adjustment of precipitation was required to enable 
perfection of the water balance for the present study area. 
Although a case could be made for reducing estimates of 
evapotranspiration from vegetative surfaces in the basin by 
comparison with previous estimates, the high level of free 
water evaporation, in addition to greater evaporation from 
bedrock surfaces was seen to more than compensate for this 
reduction. In effect then the finding lessened the likeli- 
hood that considerable upward adjustment of precipitation 
was necessary. It was estimated that the basin precipitat- 
ion estimate derived from Yellowknife Airport records re~ 
quired only an upward adjustment of about 10 per cent for 
them to be taken as representative of the basin. 

The average annual water balance for Baker Creek basin 
for the period 1968-1972 may be expressed as: 

Precipitation = Runoff + Evapotranspiration 
(inches) 21.00 = A ys 9 | + 9.60 
P.E. for the study area is probably close to the 
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16 inches value generally quoted for the area. It may be 
6liphtly, dower if) the relatively high Bowen ratio consider- 
ations apply strongly or slightly higher if advection 
eifects-are, truly. significant. «in any case it is clear 
that the average annual basin P.E. will be well above the 
annual precipitation and the runoff from the basin must be 
largely the product of exceptional precipitation events, 
(where snowmelt runoff is also considered as a major pre- 
cipitation event). This runoff would be greater if depress- 
ion and lake storage, aiding evapotranspiration, were not 
Such an important feature, in addition to the bedrock- 


dominated surfaces, of the basin hydrology. 


SUGGESTIONS FOR FUTURE RESEARCH 

in the course of the present study particular subjects 
requiring further research in the study area have been in- 
dicated. These have been brought together in this section 
and some additional comments are made concerning some im- 
portant points of possible use to future researchers, 

There is a fundamental need for a meso-scale study of 
Climate in the region, not only as a check on the results 
indicated here but also to enable the results to be applied 
over a wider area. The representativeness of Yellowknife 
Airport data for the rest of the basin and the region must 
be established. Particular influences worthy of consider- 
ation are those of Great Slave Lake and increasing elevat- 


ion inland. When determined, temperature patterns associ- 
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ated with these influences would be of great utility in 
estimating resulting evaporation patterns. Knowledge of 
precipitation patterns, such as snow distribution and 
thunderstorm effects, conditioned by the influences would 

be even more useful. The diurnal wind speed pattern appears 
to be of significance in reducing transpiration from vascular 
flora. It would -be helpful if the extent of this biocli- 
matic influence could be determined. These desires could 

be satisfied by automatic weather recording stations located 
in the upper basin and close to the edge of Great Slave 
Lake. Alternatively theoretical modelling may provide an 
adequate representation of meso-climate relationships. 

The good availability of net radiation data for Yellow- 
knife Airport, (Wendland 1965, 1967), is marred by question- 
able representativeness owing to the omission of data for 
inclement weather periods. It might be expected that this 
data could be revised by a net radiation measurement program 
using ‘the Airport site as a control in order that the 
original data could be corrected. The usefulness of this 
corrected data could be greatly extended if net radiation 
was also measured over other natural surfaces in the basin. 
Short period records spaced throughout the year could be 
related to the Airport control and adjustment factors 
determined for various surfaces at various times of the year. 
This line of research would thus utilise the principles set 
out by Garnier and Ohmura (1968) and Garnier (1972). 


It should be noted that accurate net radiation measure- 
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ment under conditions such as are found in the study area 
demands much effort and operator experience. Attending to 
the levelling, purging, checking and power needs of the 
measurement and recording devices is a full-time occupation 
if precise measurements are desired since such a level of 
attention minimises the inherent range of error in most net 
radiation measurement systems. From experience obtained in 
the present study it would be wise to ensure a good backup 
system or reserve instrumentation to deal with instrument 
malfunctioning problems. 

It would be useful to run a ground heat flux monitoring 
program in conjunction with the net radiation program dis- 
cussed above. It would be particularly desirable to study 
the vegetated depression sites such as muskegs and bogs, 
with a range of organic layer/mineral layer combinations 
(Nakano’ and Brown 1972). It is at such sites that the 
major potential for high summer evapotranspiration rates 
exist. If ground heat flux utilises a relatively high 
proportion of the available radiant energy the apparently 
low evapotranspiration rates through these covers becomes 
even more understandable. The peat, with its high moisture 
contents could function in the manner of a lake by storing 
heat which may be released when conditions are not so 
favourable for evaporation. 

The potential importance of this factor in areas such 
as the present study area is indicated by the point made by 


Brown and Williams (1972, p.3) that the most extensive peat 
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deposits in Canada occur in the discontinuous permafrost 
zone where conditions appear to be optimal for peat develop- 
ment. 

Another useful program of research that could be run in 
conjunction with the net radiation studies is one focussing 
on wind and temperature gradient profiles over different 
Surfaces. Such studies would aim at determining Bowen ratio 
values. It would be particularly useful to set up a transect 
of such profile stations from a bedrock-dominated surface 
through a muskeg or bog and out over a bordering lake. Very 
sensitive instrumentation would be required for this program. 
Wet and dry bulb temperatures have to be measured to an 
accuracy of ogoreey Sling psychrometers and ordinary mer- 
cury-in-bulb thermometers are much too insensitive for such 
work as was found out in an unsuccessful attempt to measure 
the gradients in the present study. 

The combined energy balance and aerodynamic methods of 
determining evapotranspiration entailed by the above suggest- 
ed research would also allow the exact significance of local 
advection energy in the study area to be evaluated. The 
physiographic mosaic that constitutes the Shield environ- 
ment would appear to favour important local advection in- 
fluences because of the high frequency of source-sink 
Situations. The bedrock-dominated and vegetated surfaces 
appear to be likely sources of large amounts of advective 
energy and the lakes and Serres free water bodies the obvious 


Sinks. The degree of significance of this effect would 
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depend on the dimensions of the boundary layer zones in re- 
lation to the areal scale and mutual distribution of the 
units making up the Shield mosaic. This appears to be a 
fascinating area for future research which might interest a 
theoretical meteorologist since theoretical modelling could 
potentially provide much good evidence of likely intensi- 
ties of the advective influence, 

At the microscale it is possible that a battery of in- 
termittent or small permanent pools could be set up and 
viewed as a black box with the aim of deriving information 
of a relative nature on advection influences, seepage 
patterns and general site evaporability. 

At the macroscale the apparent importance of storage 
Capacity changes on the water balance of individual years 
strongly suggests the need to instrument a set of lakes in 
the study area with water level recorders, Attempts could 
then be made to relate the patterns observed to runoff and 
precipitation patterns to enable better prediction of future 
water balance patterns. 

This research has indicated the possible Significance of 
long term storage changes as well as short cycle ones. The 
former changes could be researched further by biogeographical 
studies of selected lakes in the study area showing promin- 
ent vegetation rims around their borders. Dating of the 
peat or analysis of its contents and stratigraphic patterns 
may permit the identification of relatively wet or dry 


periods in the past. The levels associated with such 
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periods could be surveyed and correlation attempted with 
other lakes. It may therefore be possible as a result of 
such studies to extend the hydrological record back in time 
and so enable better prediction of future patterns. 

Further evapotranspiration studies would be useful in 
the basin. The lysimetric approach appears to be satis- 
factory particularly if the cans used are relatively deep 
and efforts are made to synchronise changes in the can en- 
vironment with those in the natural surroundings. R.J.E. 
Prown is currently experimenting with a potentially useful 
lysimetric method at Thompson, Manitoba under conditions 
similar to those found in the present study area. Each 
lysimeter consists of a special half inch thick plastic 
pipe, eighteen inches in diameter and about fifteen inches 
deep. The bottom consists of half inch thick heavy plastic. 
AY¥stilling “well; made of Lucite; is placed ‘Iin’each™ysi- 
meter near one edge. Thermocouples are installed at ¢ inch, 
two inches and four inches depth. The amount of water 
which needs to be added each day to bring the water level 
to a needle point in the stilling well, (in the manner of 
the Class 'A' pan operation), is recorded and added to any 
precipitation that has fallen to obtain a measure of evapo- 
transpiration. The needle point in the stilling well “vs 
4% inches below the top of the moss and is the result of an 
arbitrary suggestion by G.P. Williams, of N.R.C. (R.J.E. 
Brown; Telephone Communication, June 7, 1973). One risk 


associated with the lysimeters is the possibility of perma- 
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frost distrubance causing leaks in the containers if they 
are left in place through the winter. 

Ihe stilling well concept appears to be particularly 
useful at the permafrost sites. Similar wells could be 
planted in the natural surrounding area, in bottomless but 
filled lysimeters for instance, with the aim of obtaining 
information on the natural ground water level. Water could 
then be added to the lysimeters to maintain similar ground 
water levels there. If it is necessary to add water it is 
important that it should be done through an access tube 
down the side of the lysimeter rather than by sprinkling 
over the vegetation surface. The latter practice would 
produce artifically high estimates of evapotranspiration 
owing to the hygroscopicity of the moss and lichen covers, 
These covers would retain the sprinkled water which would 
evaporate rapidly. If the water is added from below, as 
is a more natural procedure for deep organic soils, it is 
probable that natural evaporation conditions would be 
obtained. | 

A more sophisticated means of attempting to ensure that 
the lysimeters simulate natural conditions is to install 
thermocouple psychrometers for the measurement of water 
potential (R.W. Brown, 1970). Such instrumentation would 
probably indicate the necessity of a drainage device for the 
lysimeter if used at sites like YT2 where relatively good 
drainage occurs in the latter half of the summer. This 


could be accomplished by siphoning methods in conjunction 
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with a collection reservoir built into the base of the 
lysimeter at such sites. 

Intensive soil moisture measurements could also be 
used, as in the present study to correct for limitations 
of the lysimeter. It would be wise to make such correct- 
ions for relatively short periods such as every three or 
four days, 

Iysimeter studies could also be organised in a transect 
form along a soil moisture gradient from the edge ofa 
jake through to surfaces where the bedrock is just deep 
enough to permit installation of the lysimeters. 

It would also be desirable to have some check for the 
present study area for the generalisations made concerning 
transpiration rates through the higher order vascular fora. 
This could be accomplished by sophisticated soil moisture 
heat flux monitoring as suggested by Munn (1966, p. 39-41) 
and apparently utilised by Belotserkovskaya, Largin and 
Romanov (1967). The potometer method employed by -Bhiss 
(1960) may provide adequate results despite reservations 
stated about its applicability. It would be particularly 
useful to make comparisons for permafrost and non-permafrost 
Sites and a variety of moisture conditions, in addition to 
relating any variations to the diurnal wind Speed patterns 
present in the study area. 

When suitable methods are developed, it would be useful 
to make diffusive resistance studies for different moss 


types to gain information on the possibility that conduction 
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or sponge mechanisms are important substitutes for the 
transpiration process in this non-vascular flora. 

Little consideration has been given to evaporation 
from snow in the present study. It has been assumed to be 
negligible but Landals (LO7Ls p.olL0O) has *indicated its 
potential importance during an extended snowmelt period for 
low albedo southfacing bedrock sites. The effect of its 
influence would be to further increase evaporation levels 
for such sites and to reduce runoff. There may therefore 
be worth in conducting snow evaporation studies in the 
basin during the snowmelt period using circular pans filled 
with snow, as suggested by Williams (1961). 

The bedrock-dominated surfaces, the most predominant 
Surface type in the area, were neglected in the field pro- 
gram for the present study. They are in fact worthy of 
much more detailed consideration from a hydrological point 
of view. Such studies are necessary to check the general- 
izations made here particularly on the interrelationship 
between storage capacities and the nature of the precipi- 
tation events. Perhaps, as Kakela (1973, p. 178) suggests 
a storm-oriented water budgeting approach would provide a 
Suitable organizing model for these studies as opposed to 
a monthly - or even daily ~- oriented model like the Thorn- 
thwaite one (Bridge and Kakela, 1972). 

All research conducted in Baker Creek basin must be 
tempered by the fact that the basin has suffered potentially 


Significant disturbance by man either in the form of de- 
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liberate or accidental fires, in addition to natural ones 
(Rouse and Kershaw, 1971), or by chemical pollution. Le 
would be most desirable to have an evaluation of this im- 
pact on the water balance. Chemical pollution appears to 
have substantially reduced the lichen cover in the basin in 
addition to killing or inhibiting the growth of many trees. 
It may be the case that the moss which has replaced the 
lichen functions in a relatively similar manner in evapo- 
ration terms. Also it is possible that tree growth was 
inhibited by natural conditions prior to the onset of 
chemical pollution. Thus little effective impact could be 
attributed to the phenomena. It is also possible that 
natural fires would negate the influence of deliberate or 
accidental fires caused by man's activities in the basin. 
Such hypotheses could be evaluated by research comparing the 
ecology of plots within the most affected parts of the basin 
and plots located in the same bioclimatic and physical belt 
but at some distance from Yellowknife. Potential locations 


may lie along the east and west roads out of Yellowknife. 


The development of research in the Baker Creek Basin has 
lagged far behind expectations at the beginning of the 
International Hydrological Decade. In several years the 
project has been in danger folding completely. The 
Suggestions for future research made above indicate the 
richness of research opportunities presented by the basin 


and the body of this thesis demonstrates the need to accept 
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these opportunities. Much could be gained from a single 
broad-based and well-funded research program. This would 
be in contrast to the piecemeal, low-budget nature of the 
research that has been conducted in the basin. Such a 
program could fit in to a representative yet coarse and 
economically concentrated network of northern research 
basins designed to produce results for insertion into pro- 
cedures which use readily available or readily inferred para- 
meters (Garnier, 1972). 

Baker Creek Basin should therefore be given Strong 
consideration as an excellent location for future research 
aimed at determining patterns for a large DOL LLOM OL ‘the 


central Mackenzie" District.) NiwW.it. 
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APPENDIX A 
Taxonomy of Vegetation along transects made in close 
proximity to the main vegetative investigation sites, 
Two sets of transccts were made each within about one mile 
of the Pocket Lake sites or the Muskeg Creek sites. The 
list presented here is an amalgam of that for each separate 
transect and it indicates the variety of vascular flora in 


this portion of the basin. 


White spruce (Picea glauca) 

Black spruce (Picea mariana) 

Paper (ire (Betula papyrifera) 
Water birch (Betula occidentalis) 
Dwarf birch (Betula glandulosa) 
Jack pine (Pinus banksiana) 
Aspen (Populus tremuloides) 
Larch (\larix tarciana ) 
Mente in alder (Alnus crispa) 
epeckled alder (Alnus rugosa) 

Common juniper (Juniperus communis) 


Creening juniper (Juniperus horizontalis) 


Bog cranberry (Vaccinium vitis-idaea var. minum) 
Horsetail fern (Equisetum silvaticum) 
Horsetail fern (Equisetum arvense) 


Common fireweed (Epilobium augustifolium) 
Mountain fireweed (Epilobium latifolium) 
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Dewberry 

Common bearberry 
Alpine bearberry 
Labrador teu 
Labrador tea 


Prickly rose 


(Rubus pubescens) 

(Arctostaphylos ura-ursi) 
(Arctostaphylos rubra) 
(Ledum groenlandicum) 
(Ledum palustre var decumbens) 


(Rosa acicularis) 


Lapland rhododendron (Rhododendron lapponicum) 


Mountain goldenrod 
Common saxifrage 
shrubby cinquefoil 
Wild gooseberry 
Black currant 
Crowberry 
Blueberry 
Arrowhead 
Cottongrass 
Foxtail 

Low bush cranberry 
Cattail 

Cloudberry 

Fern 

Leather leaf 

Sweet gale 


Horsetail 


(Solidago decumbens) 
(Saxifraga bronchialis) 
(Potentilla fruticosa) 
(Ribes oxyacanthoides) 
(Ribes hudsonianum) 
(Empetrum nigrum) 
(Vaccinium carspitosum) 
(Sasittaria cuneata) 
(Eriophorum augustifolium) 
(Hordeum jubatum) 
(Viburnium edule) 

(Typha latifolia) 

(Rubus chamaemorus) 
(Dryopteris fragrangs) 
(Chamaedaphne calyculata) 
(Myrica gale) 


(Equisetum scirpoides) 
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Northern Grass of Parnassum (Parnassia palustris) 


Willow CSaTaR SeppP) 


Sedge (Carex spp.) 
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APPENDIX C 
GENERAL ENERGY BALANCE EQUATION 
AND THE BOWEN RATIO 


ENERGY BALANCE: The principle of conservation of energy 
states that all gains and losses of energy at the surface 
of the earth must balance. The primary components are short- 
wave radiation from the sun, long-wave radiation from the 
earth and sky, transfer of heat through the ground, transfer 
of heat through the air, and the contribution of latent heat 
of evaporation or condensation, Other sources of energy can 
usually be neglected. The conservation principle can be 
expressed as a very general equation applicable at any 
instant in time, 
Qn -— Qa + Qdb- l= tecy 

ia ee reece 
where: 

Qm is the short-wave radiation from sun and sky, assumed 
by convention to be positive. It is absent at night. 

Qp is the short-wave radiation reflected from the earth, 
It is absent at night. 

Q,4, 1s the long-wave radiation received by the surface 
from the atmosphere. 

ar is the long-wave radiation emitted by the surface. 

Qn is the net all-wave radiation. A gain of energy 


by the surface is positive. 
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- is the transfer of heat through the ground. A 
downward flow of heat is positive. 

Qn is the turbulent transfer of sensible (ie. not 
involving changes of state) heat to the atmosphere, An 
upward flow is positive. 

Qn is the contribution of latent heat of evaporation 
and evapotranspiration. An upward flow of water vapour 
(evaporation) is positive; a downward flow (condensation) 
peenerative. (Munn, 1966, p 3). 

BOWEN RATIO: The Bowen Ratio (R) was introduced by 1.8. 
Bowen in 1926-an° an article entitled,+"The ratio of heat 
losses by conduction and by evaporation from any water 
surface, (Physical Review, Volume 27, pages 779-789). 


R= Q 41 
QF 
The value of the ratio may be estimated approximately from 


detailed data on wind, temperature and humidity gradients. 
Where measurements of net radiation and ground heat flux 
are available in addition to an estimate of the Bowen Ratio, 
it is possible to estimate the contribution of latent heat 


of evaporation and evapotranspiration from the equation: 


Qn = Oy 7 % 
a Oe ass) 


(Terms are as defined above) 
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APPENDIX 7 
FIELD MEASUREMENTS 
FROM EVAPORIMETER BATTERIES 


N.B. The water loss value is the mean derived from all 
of the evaporimeters in each battery. 


YT2: Measurement Period Precipitation Water Loss 
cms. ) (ems. 
June: o-7 oe ewe 
8-14 0.05 06 
15-21 mae 0265 
22=-27 BEA AaS) 0.08 
28-7 (July) eae pe 
July: 8-10 O04 30 Oe a> 
12-21 O05 O #65 
22-23 -- 0 «ls 
24, ao 0205 
30-8 (August) 0.30 0.91 
August: 9 0.49 0.06 
10-20 ee 4 0 
21-23 oe 0.66 


24-27 a 0.15 


ero | - og , nie Nite 
ediagerad satanraotd ‘Nie | | 
Lis moxk bovived meen eds of outay, asol. notaw. edt ll 
rotted ose ah wich hears breed is. 
co tpi sot sito. toeen’  holret themereaseM ’ 
Be ) ( . Bitio P= 7 Ae Lae : 
oh £ 3 need Line Y-s | 
eb ‘ f f0.0 $I-8 
aA Oo lg Teee Lr 


(yfrt) 


mth | ite D ra 
49 mn a 
ay "4 c.O t" a IS~S.r 
; sila . Perna EBnSS . 
(teugvA)  8- 


| g- 


Payee 


June: 


July: 


August: 


ay 
8-14 
os 77. 
feel Xe 
28~7 


8-12 


14-15 


19-25 


18-20 


24627 


Measurement Period 


(July) 


(August) 


Precipitation 
cms, ) 


(cms. ) 


2.01 
tree 
1,28 
Ofee 
L250 


0.84 
O.21 
0.41 
O.17 
O26 
Onde 
0.82 
0.17 
Ae he 
0.09 
0.06 
0.78 


0.14 
0.48 
0. 32 
0.14 
0.04 
0.07 
0, io 
One 
0.14 
OeL9 
0.14 
0.20 
0.25 


Water Loss 


od -eatsw ee a . bobvet teeuervesem 
( Bato ) BE ae Me EU RM hE Aun hah 


j : ’ u a 
rr Dr an 4 
} \ at 
at P ° 45 
{ - t y ae : } 
bho ut Ahem tha ae 2) ee. 
. : : tz 7 ; : ‘ ; 


ne i 6.0 nies 
SS od =e | | FSB 
hen "NB yh els 10 dle aac 
* cae 


"23,2 ie (yint) yaas 


5 ts ce ‘ “*} 


YT6OM Measurement Period Precipitation Water Loss 
(cms. ) (ems, ) 
June: Tod 4. 0.10 LeGe 
15-21 —o 2ek0 
22-27 50 100 
28-7 (July) 1.40 rae Ad 
July: 8-12 0.30 : Teo) 
1s “= 0.24 
L4—-15 -- 0.44 
16 en 0.20 
aT, 0.18 0,14 
Ls one ee 
19-25 ad Oe 67 
26 oe 0.14 
27-28 = 0.06 
29 O05 On25 
30-3 (August) 0,50 On 4 
August: 4 — 0.16 
5-10 CPs Oa 0.41 
11-12 ~~ OL oL 
i) ~— 0.08 
14-20 0.90 0.38 
21 ~= 0220 
7 _~ 0.14 
23 | no oye ly 


2ha07 ee 0.18 


BCFr 


rotted igtoogrt: 
(gemiage 2) 


~ 
rig it ° i. 
YJ 4 * & 
eae 

Oe ty 

” 

(4G 

momen 

eh ny 
oo eet ¢ 
Gt oS 
OF 4 0. 

ay pe 
rr 4 
im a {} 

te 

‘weg teem 
OP, 

eed 

mre ds \ ; 

7 a7 

ym 


ts 
e808 
‘See 
88-73 
gs - 


v 


(taugwk)- 08 


¥YE6S 


Junes. 


July: 


August: 


Cl-27 
28—7 


Measurement Period 


(July) 


(August) 


Precipitation 
(ems. ) 


LES 8, 
610 


Water Loss 


(cms. ) 


\N 


nN 


e 
\ 

a 

i 
yg lt 
i 

t's } 
- a4 

vai 

} gA2 


aT LO 
£4.40 


6 W woltad fq ioe? tl 


(, moe ) 


or. r 
; : & = 
~~ 
at 4 
F 4 
ie, ©& \ 

hare em 

2 Ara 
i 
Te 

— ~~ 

sient 

sod Seat 

‘ - 


saat all 


a 


fhotvet daemoryvesel 


Tals 
(vy fort) y+8S 


\Fenguay 0%. 


7 


1 
f 


? 
= 


fb ih 4 a ee ie i 
- hye ae ms : een 


wie a 


a a 


a: 1 #1 


Me . pel - " 
a yes ay sin ° ihe) : DD ‘eo 


are Py ams ) ee oa 
ny a yy iY si " ; avi 


wr ; ‘oH ii a ee ie a ; ; rf 7 mq i 7 
| wane | a 


i) 
7 ‘ 
Ri 
1 
Be’) 
is 


“ie : at ats 
- ; : 
a ; 
: an 
A mi { 


a be 


’ Wy au oi ; i . Ps ha te ; 
ca : es, ty, ye b eS i is 
We ti a al Wie shen ny eC ye 
‘ " th PE ee? Ale von Piel Py sane 
Ce caro A a eee ont ara 
Ansar Wear aan 9 | Tits 
a ef) % ol en, ' a cd i 5 a a 
‘ a h a) ant Pit aT Mi : 
a > , v* ) Woy: 
\ Ve ar ie ; ie : Li- ‘ - ) rh, : ins vty wy : ) 
Bote nt t ety id ¥| ber ; ” y i . bi hii - ; e \ a Ae : 
Cont PT oe Tai bri Lan Pee anaes Way a, ee i i 
VI . j *) i) a # aie <A) ind ai ¢ i nd hay yy ae “i f i, A ' ithe f 
7% a one 1 } . wt F t 5 ae mr) air tr ali q A ; nt rv ey 7 i. im y 
(iin wet ¢ pain 5 RT a vi a Nae ea ‘ bab. nn oes , are 
re my 4 i ee eure yee A a | ‘ PD he” 
Fh ne hi as sh i ‘oy (eer he L ri " Pe 2 : A 
a \ ; j 4 , ny yt 7 ‘- 
a \ ) : ; 7 Mm re : hey i ; ; “i i Pi Es Je A ” i x h r +. > \ na iy i ? 
uh yi 2, My d : Te IY 7 ae in ” vy a y 4 a iM i : } pte, me! bh fu f oe } > 
7: ‘te a te ; " : ve ' Mi, ah us : ee ! uw ¢ i ales wey Fry 7 is , 
+ _ 7h i eg ee) Ft ee en 
d we. | pea ‘ vA i 
; 7 i i othe | 


; . an 


4 i vs f 
ae 


